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Abstract
Pleasurable touch during social behavior is key to building familial bonds and meaningful connections. As
revealed by a global pandemic, isolation from these social contacts can have devastating effects on
mental health. Yet, the identity and role of sensory neurons that transduce social touch remain unknown,
limiting our understanding of what makes social touch beneficial and pleasurable, and therefore what
goes wrong when it is missing or perturbed. A population of sensory neurons labeled by the G-protein
coupled receptor Mrgprb4 detect stroking touch in mice, however, these neurons have never been
implicated in any natural social behaviors. Here, we study the social relevance of Mrgprb4-lineage
neurons by genetically engineering mice to allow activation or ablation of this population and reveal that
these neurons are required for sexual receptivity to male mounts as well as social touch behaviors
between females. Even in social isolation, optogenetic stimulation of Mrgprb4-lineage neurons through
the back skin is sufficient to induce dopamine release, a conditioned place preference, and a dorsiflexion
posture. This dorsiflexion resembles the natural behavioral response to social touch to the back, which is
either a lordotic copulatory posture to male mounts, or a crawling posture from cagemate female contact.
In the absence of Mrgprb4-lineage neurons, female mice no longer find male mounts rewarding: sexual
receptivity is supplanted by aggression and a coincident decline in dopamine release. Together, these
findings establish that Mrgprb4-lineage neurons are the first neurons of a skin-to-brain circuit encoding
the rewarding quality of social touch. Using the same transdermal optogenetic approach, we also reveal
(1) the possibility that these neurons may activate pain pathways in the context of inflammation,
potentially implicating them in an allodynia phenotype, and (2) a related population of DRG neurons may
provide insight into sex-differences in pain perception, yet further experimentation is necessary.
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ABSTRACT
PERIPHERAL NEURONAL ENCODING OF PLEASURABLE SOCIAL TOUCH
Leah Jean Middleton Elias
Ishmail Abdus-Saboor
Pleasurable touch during social behavior is key to building familial bonds and meaningful
connections. As revealed by a global pandemic, isolation from these social contacts can have
devastating effects on mental health. Yet, the identity and role of sensory neurons that transduce
social touch remain unknown, limiting our understanding of what makes social touch beneficial and
pleasurable, and therefore what goes wrong when it is missing or perturbed. A population of
sensory neurons labeled by the G-protein coupled receptor Mrgprb4 detect stroking touch in mice,
however, these neurons have never been implicated in any natural social behaviors. Here, we
study the social relevance of Mrgprb4-lineage neurons by genetically engineering mice to allow
activation or ablation of this population and reveal that these neurons are required for sexual
receptivity to male mounts as well as social touch behaviors between females. Even in social
isolation, optogenetic stimulation of Mrgprb4-lineage neurons through the back skin is sufficient to
induce dopamine release, a conditioned place preference, and a dorsiflexion posture. This
dorsiflexion resembles the natural behavioral response to social touch to the back, which is either
a lordotic copulatory posture to male mounts, or a crawling posture from cagemate female contact.
In the absence of Mrgprb4-lineage neurons, female mice no longer find male mounts rewarding:
sexual receptivity is supplanted by aggression and a coincident decline in dopamine release.
Together, these findings establish that Mrgprb4-lineage neurons are the first neurons of a skin-tobrain circuit encoding the rewarding quality of social touch. Using the same transdermal
optogenetic approach, we also reveal (1) the possibility that these neurons may activate pain
pathways in the context of inflammation, potentially implicating them in an allodynia phenotype,
and (2) a related population of DRG neurons may provide insight into sex-differences in pain
perception, yet further experimentation is necessary.
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INTRODUCTION
Pain keeps us alive, and touch makes life worth living. The skin is innervated by millions
of sensory neurons with unique mechanical sensitivities that enable us to distinguish a myriad of
stimuli from a caressing stroke to a painful scratch. These sensations are fundamental to our
quality of life, allowing us to form critical social bonds and avoid harmful stimuli. Despite their
vastly different functions, conveying everything from pleasure to pain, all cell bodies of these
neurons are housed together in the dorsal root ganglia. Mechanical stimuli are transduced at the
nerve ending innervating the skin, sending action potentials down the peripheral axon, through
the cell body in the DRG, down the central axon to innervate the dorsal horn of the spinal cord,
where projection neurons send the signal to the brainstem and brain. How pain and touch are
encoded in the periphery, and in each step along this generalized pathway, remains unclear. A
deeper mechanistic understanding of which DRG neurons convey which sensation, where they
innervate the spinal cord, and what the brain does with that information would facilitate
therapeutic development for not only pain but also disorders of pleasurable or social touch. With
these nerve endings so densely innervating the skin in overlapping manner, and cell bodies in the
DRG with no apparent organization, how can we investigate mechanisms of pain and touch? In
my thesis work, I take advantage of molecular markers to selectively manipulate distinct subsets
of dorsal root ganglion neurons to examine their connection to the central nervous system and
their roles in behavior.
I. Social touch from skin to brain
Social touch – the affiliative skin-to-skin contact between individuals – can rapidly evoke
emotions of comfort, pleasure, or calm, and is essential for mental and physical well-being.
Physical isolation from social support can be devastating. During the COVID-19 pandemic, we
observed a global increase in suicidal ideation, anxiety, domestic violence, and worsening of preexisting physical conditions, alerting society to our need to understand the neurobiology of social
touch and how it promotes normal health [1-5]. Gaining a mechanistic understanding of how
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sensory neuron stimulation induces pleasure, calm, and analgesia may reveal untapped
therapeutic targets in the periphery for treatment of anxiety and depression, as well as social
disorders and traumas in which social touch becomes aversive. Bridging the gap between
stimulation in the skin and positive affect in the brain – especially during naturally occurring social
touch behaviors – remains a challenge to the field. However, recent advances in
neurotechnologies provide sensory biologists and behavioral neuroscientists a means to uncover
the unknown connection between skin afferents and brain circuitry. Somatosensory biologists are
equipped with genetic tools for cell-type specific manipulation to probe the contribution of dorsal
root ganglion (DRG) neuronal populations to specific behaviors [6] [7] [8]. In behavioral
neuroscience, the emerging field termed “computational neuroethology” uses computer vision
algorithms to dissect the nuances of social interaction in a quantitative and unbiased way, often in
sync with in vivo neural activity [9-19]. This renaissance in mouse neuroscience techniques has
readied the field of social touch for collaboration between peripheral and central circuit experts.

Figure 1: Social touch triangle. The experience of social touch exists because of the synergy
between skin, brain, and behavior. Recent studies answer one of three questions that link these
components: 1) What cells, circuits, and neurotransmitters of the brain (neural affect) are activated
during natural social touch behaviors? (reviewed in section 1) 2) What subtypes of sensory
neurons are activated during natural social touch behaviors? (reviewed in section 2) 3) Are these
subtypes of sensory neurons in the skin sufficient to cause the same neural affect in the brain
independent of the natural social context? (perhaps the most open question, reviewed in section
3) (Created in BioRender)
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Through this synthesis of efforts, we can determine how neural activation, from skin to brain,
gives rise to behavior (Fig. 1)
Section 1 of social touch from skin to brain:
The cells, circuits, neurochemicals, and psychological impact of social touch behaviors
Since Harlow’s monkeys, interest in the power of physical social contact – powerful
enough to compete with the nutritional needs of infant primates – has piqued interest in how the
brain processes social touch both for healthy neurodevelopment as well as in adulthood [20-22].
Social interaction as a whole is considered a homeostatic need by some experts [23,24]. Social
touch itself has the potential to be anxiolytic, analgesic, and rewarding. While the precise neural
correlates of these three “affects” are not fully understood, we review evidence associating
oxytocin release to all three [25-29] as well as dopamine’s role in social reward processing [3033].
Social touch as anxiolytic
“Social buffering” is the long-studied notion that social support provides stress resilience
[34-36]. How much of social buffering is mediated specifically through tactile support is less clear,
but touch-induced anxiety-relief through massage [37], weighted blankets [38,39], and stroking in
rodent studies [40-42] suggest mechanical input is a critical component. The anxiolytic impact of
touch is further supported by a 2017 study in which participants had greater stress reduction
when asked to imagine tactile compared to verbal social support [43]. In rats, stroking is sufficient
to mitigate anxiety behaviors and reduce the rise in corticosterone levels following chronic
unpredictable mild stress [42]. The anxiolytic effects of social touch are largely thought to be
mediated by oxytocin, a neuropeptide known for its role in pro-social behaviors [44-46]. Oxytocin
is released from the paraventricular nucleus of the hypothalamus (PVN) during social touch, and
its infusion into the brain is implicated in reduced anxiety behaviors and inhibition of the HPA axis
[29] [28] [47-52]. These findings highlight oxytocin release as a key mechanism of social
buffering.
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Social touch as analgesic
Numerous human studies have demonstrated the analgesic potential of social touch,
from dynamic stroking to hand holding to massage therapy [53-56]. Massage therapy can
improve vital signs, slow the deterioration of consciousness in hospitalized patients, and is also
being explored as a treatment for chronic pain [57]. Experiments in rats have revealed oxytocin
release from the PVN as one candidate mechanism for top-down modulation of spinal pain
circuits. In newborn pups, oxytocin functions as an endogenous analgesic during delivery by
reducing depolarization of nociceptive neurons [58]. Eliava et al. identify a novel population of
parvocellular oxytocin+ neurons in the PVN that project onto spinal cord neurons to inhibit
inflammatory pain. Chemogenetic inhibition of these neurons increases inflammation-induced
pain, suggesting they play a critical role in endogenous pain modulation [59]. There is little
evidence regarding whether oxytocin is directly analgesic to a mother in labor. As oxytocin is an
allosteric modulator of the µ-opioid receptor [60-63], and beta-endorphin levels have been
correlated with decreased labor pains [64,65], an oxytocin-mediated analgesia via the
endogenous opioid system is probable.
Social touch and oxytocin release
Because both the analgesic and anxiolytic effects of social touch can be replicated by
oxytocin, there is great interest in how social touch communicates with oxytocin neurons in the
PVN [66]. Historically, oxytocin release from the axon terminals of PVN neurons in the posterior
pituitary has been tied chiefly to somatosensory stimulation in maternal behaviors: uterine
contractions and stimulation of the vaginal canal during labor [67,68], as well as nipple stimulation
during suckling [69,70], send signals to spinal projection neurons which stimulate neurons of the
solitary tract to release norepinephrine, ultimately stimulating oxytocin release from PVN [71-73].
In addition to inducing the peripheral release of oxytocin via posterior pituitary, these maternal
stimuli cause central release of oxytocin from magnocellular neurons in PVN to diffuse throughout
the brain [74-77] [76-79].
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Non-maternal gentle touch is increasingly explored for its mechanism in causing oxytocin
release [73,78-82]. Oxytocin neural activity is notoriously challenging to observe in real-time
behaviors in rodents (and impossible in humans), but recent advances in in vivo neuronal
monitoring have facilitated some exciting findings. Using 2-photon calcium imaging of oxytocin
neurons in PVN for the first time, Resendez et al. demonstrate social approach increases
oxytocin neuron depolarization [80]. However, because this approach requires the mice to be
head-fixed, there are limitations to the kinds of tactile interactions in which the mice can engage,
thus we cannot attribute the depolarization to social touch specifically. Tang et al. parse out the
critical social sensory modality in their 2020 study: using in vivo single unit recordings of oxytocin
neurons in the PVN of behaving rats, they demonstrate that while sniffing alone causes moderate
oxytocin neuron firing, the highest frequency firing occurs when the rats crawl over or under one
another [81]. Yu et al. recently uncovered a circuit mechanism of touch-induced oxytocin release
by demonstrating that oxytocin neurons are activated by excitatory projections from Tachykinin
1+ neurons of the vlPAG during social touch-like tactile stimulation [82]. The population of
cutaneous afferents that mediates the oxytocin circuit activation and affective touch in either of
these two studies is not quite clear, but recent literature sheds some light on the question, which
we will discuss in section 3. Lastly, Hung et al. observe an increase in bulk oxytocin neuron
activity upon social contact with a juvenile compared to a toy mouse. While their study does not
isolate the impact of social touch from olfactory or visual input, they provide a critical link between
oxytocin and dopamine in the context of social behavior [33]. By demonstrating that oxytocin
release in ventral tegmental area (VTA) gates social reward, the authors link oxytocin to the final
of the three affects discussed here: social reward.
Social touch and reward
Recent advances in mouse behavioral and systems neuroscience – particularly
genetically encoded fluorescent dopamine sensors for fiber photometry [83-85] – have revealed
novel circuits underlying social reward in real-time with behavioral monitoring. Using a novel
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automated social nose-poke port paradigm, Hu et al. identified that Vgat+ neurons of medial
amygdala are required for social reward learning, and further connect this finding with dopamine
release in nucleus accumbens (NAc) upon social approach using the dLight dopamine sensor
[30,83]. However, as the primary cues are olfactory and perhaps visual, it is unclear whether this
social reward circuit is specific to olfactory cues or generalizable to the total sensory presence of
another mouse. Thus, whether social touch itself is sufficient to cause dopamine release, or is
rewarding, is unknown, but Hu et al, combined with Hung et al.’s finding that oxytocin release in
VTA gates social reward, have uncovered a potential entry point for touch neurobiologists to
examine dopamine. Similarly using dopamine sensors, Sun et al. observe dopamine release in
NAc during male sexual behavior [84]. While they do not exactly parse out sensory modalities,
their data suggests that physical contact to back and anogenital region – mounts and
intromissions, neither of which introduce novel olfactory or visual stimuli – are time-locked with
dopamine release in NAc. Lastly, Matthews et al. demonstrate that social contact induces dorsal
raphe dopamine neuron activity, but similar to other studies, it is not clear there was always
physical contact involved in the scored “bouts of interaction” but rather the recognition of another
mouse by smell or sight may be the cause of this neural response [86].
Compared with oxytocin’s link to somatosensation, the connection between dopamine
and touch is relatively underexplored because social reward research has thus far overlooked
sensory-specific social inputs. For both oxytocin and dopamine, the question remains (and will be
discussed in the next section): which primary sensory neurons are tuned to detect social tactile
information and convey it to the oxytocin and social reward circuits of the brain?
Section 2 of social touch from skin to brain:
Dorsal root ganglion neurons implicated in social touch behaviors
Social touch is complex and undoubtedly activates a myriad of combinations of sensory
fibers depending on the behavior and the context (for an overview of DRG neuron function and
classification, see [87,88]). Restricting classification to in vitro electrophysiology of low threshold
neurons overlooks the variable mechanical nature of social touch. For example, pups being
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stepped on and retrieved by their mothers, sexual behavior, and huddling each undoubtedly
activate a combination of mechanoreceptors: High and Low-Threshold Mechanoreceptors
(H&LTMRs), some tuned to dynamic stroking vs static pressure, and some that send fast (Afibers) vs slow (C-fibers) signals. Thus, to avoid assuming social touch to one physiological class
of mechanoreceptors, the question we address in this section is which populations of
mechanoreceptors are implicated in in vivo social touch behaviors.
Gentle stroking – CT afferents
Over the past two decades, human psychophysics experiments have drawn attention to a
class of neurons called C-tactile (CT) afferents [89-92]. These C-fibers innervate hairy skin with
large arborizations and are optimally activated by gentle stroking stimuli that participants rate as
“pleasant.” [91,92]. A few rare patients born without Aβ-fibers (but C-fibers intact) can still detect
the pleasantness of stroking, further supporting the hypothesis that these C-fibers detect the
affective component of social contact, rather than conveying discriminatory touch. To understand
the skin-to-brain mechanism of social touch, somatosensory biologists employ mouse genetics to
selectively manipulate subsets of DRG neurons to probe their role in natural behaviors.
What are the analogous CT afferents in the mouse? Anatomically and physiologically, the
TH+/TAFA4+/VGLUT3+ C-fibers innervate hairy skin with large arborizations and respond to low
threshold stimuli [93,94] [95]. A recent preprint article reports that chemogenetic activation of
these C-fibers promotes prosocial behavior through their analysis of mouse group dynamics [96].
Whether these neurons mediate particular touch-dependent social behaviors, or if their activation
induces a general positive affect that promotes social interaction, remains unclear.
The Mrgprb4+ population are also C-fibers that innervate the hairy skin with large
arborizations, and are associated with positive affect and gentle stroking [7,97]. The data
presented in chapter 1 implicates Mrgprb4-lineage neurons in behaviors involving social touchinduced dorsiflexion: specifically, the neurons are required for female sexual receptivity and a
female-female crawling behavior resembling the one described by Tang et al. [81]. Further,
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optogenetic activation of these neurons in the back skin is sufficient to induce a similar
dorsiflexion in a socially isolated mouse [98]. Interestingly, and suggesting a distinct function from
the TAFA4+ population, mice lacking the Mrgprb4-lineage neurons show no easily detectable
deficits in social approach behaviors.
Because these two populations of C-fibers are genetically distinct but anatomically
similar, it will be particularly interesting to compare their roles in social behaviors. Does the
molecular distinction prime each of the populations for a unique role? Or does the anatomical
similarity preclude these differences and provide an alternative population serving much the same
purpose? Whether there exist multiple subtypes of C-LTMRs specialized for different social
behaviors, or a large, molecularly diverse population of C-LTMRs for a unified function, remains
an unexplored question in both humans and rodents that could hold significant implications for the
field of social touch.
Pleasant deep pressure – sensory fibers still unknown
As forementioned, not all pleasant social touch is a C-LTMR-activating gentle stroke:
hugs and static touch are also prosocial behaviors. A recent human study by Case et al.
examines positive affect as measured by pleasantness ratings when wearing an oscillating
compression sleeve on arms and legs. While slow stroking is rated more pleasant and lifts mood
more than the oscillating pressure, low compression is able to significantly increase calm. Both
stimuli induce similar affects such as “relaxing,” “soothing”, “calming,” and activate insular cortex
[99]. These findings demonstrate that two drastically different mechanical stimuli can induce a
similar positive affect in the brain. At what point in the neuronal circuit from skin-to-brain do these
signals, which certainly activate distinct mechanoreceptors, first converge on “pleasant social
touch”? Defining a population of deep pressure sensing neurons in a mouse model, likely
afferents innervating deeper tissues like muscle and tendon, will be a critical tool to begin
uncovering physiological mechanisms of pleasant deep pressure in natural social behaviors.
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Section 3 of social touch from skin to brain:
Do peripheral sensory neurons drive the social touch “affect”?
Is DRG neuron activation, in the absence of other social cues, sufficient to induce the
positive affect induced by social touch behaviors? This question holds great implications for the
development of peripherally-targeted therapeutics. In human psychophysics experiments, the
mechanical stimulation that optimally activates CT afferents has been demonstrated to induce the
same neural “affect” as oxytocin (anxiolytic [100], analgesic [53], pleasant [89-91]). Whether CT
afferent activation is sufficient to induce oxytocin release is a question beautifully reviewed by
Walker et al. [66]. Isolating the role of CTs from other cutaneous afferents is a problematic task in
humans because it is impossible to activate CT afferents without also activating Aβ afferents.
However, mouse somatosensory biologists are uniquely equipped to address this question with
genetic manipulation of molecular subsets of DRG neurons and neural activity monitoring in the
brain.
In their study examining circuits underlying female-female social behaviors, Tang et al.
demonstrate that tactile input is not only the most salient stimulus to activate oxytocin neurons
during social interactions, but that in anesthetized females, an air puff to the back is sufficient to
cause the same oxytocin neuron firing. This suggests that somatosensory input alone, in the
absence of any social context, is sufficient to activate oxytocin neurons [81]. Similarly, a stroking
stimulus specifically optimized to activate C-LTMRs promotes stress resilience in rats [42]. Most
recently, Yu et al. reveal that a stroking stimulus produces place preference and oxytocin neuron
activation via lateral periaqueductal gray (lPAG) Tachykinin 1+ neuron input to oxytocin neurons
in PVN [82].
All three of these studies used mechanical stimuli to achieve oxytocin release or related
affect (anxiolysis or preference), leading us to two conclusions: firstly, there are touch neurons
that, through a skin-to-brain circuit, lead to oxytocin release (and related affects) in the absence
of other social cues. Secondly, because manipulations were mechanical and not genetic, the
molecular identity of that class – or classes – of touch neurons remains unknown. Yet, recent
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findings permit us to speculate the identity of these neurons. Choi et al. demonstrate in spinal
cord slice electrophysiology that Mrgprb4+ neurons synapse directly onto GPR83+ projection
neurons in lamina IIo of the dorsal horn. While the axons of GPR83+ projection neurons ascend
primarily to the lateral parabrachial nucleus (lPBN), which are the projections that Choi et al.
implicate in place preference, the GPR83+ neurons also innervate several other brainstem,
midbrain, and thalamic nuclei - including lPAG. Because Yu et al. revealed a mechanism through
lPAG for oxytocin neuron activation, and Hung et al. implicated the PVN to VTA circuit in social
reward, the social touch literature now holds a putative skin-to-brain circuit for rewarding social
touch, as depicted in figure 2.
Chapter 1 presents evidence in support of this putative circuit: transdermal optogenetic
activation of Mrgprb4-lineage terminals induces dopamine release in NAc [98]. Even in the
absence of social context, selective activation of these touch neurons engages circuitry
implicated in social reward. Whether this effect is mediated through the Tac1+ projections from
PAG to PVN (as depicted in Fig 2), or a yet unexplored circuit between lPBN and NAc, remains
unknown. The experimental evidence supporting the role of Mrgprb4-lineage neurons in
rewarding touch-dependent social behaviors are detailed in chapter 1, and further discussion on
the implications of this work in conclusions.
II. Female sexual behavior
Interestingly, CT afferents are also implicated in erotic touch [101,102]. There is a great
need to understand the neurobiology of sexual touch from a clinical perspective. Many disorders
of female sexual function may originate from altered communication between sensory neurons
and brain, induced from sexual trauma, scar tissue, depression and anxiety, among other
physical and psychological causes [103,104]. Female sexual dysfunction negatively impacts the
quality of life of an estimated 40% of women [103,105]. This makes female sexual dysfunction
roughly as prevalent as chronic pain, yet incomparably diminished in public awareness and
medical training: in one study, 88% of resident physicians claim they received inadequate training
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in female sexual dysfunction [106]. Further, because the field lacks discrete classifications and
validated methods of assessment, female sexual dysfunction remains severely underdiagnosed
[104]. A recent systematic review found that neither pharmacological nor psychotherapeutic
approaches are, in isolation, significantly effective to treat female sexual dysfunction. The authors
conclude that “the wide variability of treatment and outcome measures across the literature

Figure 2: A putative skin-to-brain circuit for rewarding social touch. Integrating the findings from
Hung et al., 2017, Choi et al., 2020, and Yu et al., 2022, this circuit represents a feasible pathway by
which activation of Mrgprb4 terminals could yield dopamine release in NAc, as reported by Elias et al.
However, it’s important to note that, while this circuit is unique in that there is evidence for each of
these connections in social or affective interactions, it is one of multiple potential pathways. When
considering the greater density of lPBN innervation by GPR83+ terminals compared to lPAG, we
wonder whether there exists a role for lPBN neurons in social touch, and whether this could present an
alternative route to NAc, especially considering that mice will self-administer activation of that pathway.
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attests to the complexity of female sexual dysfunction and the need for [multi-factorial treatment
of female sexual dysfunction]” [104]. Finally, another recent systematic review found that 67.7%
of treatment effect for female sexual dysfunction can be attributed to placebo effect [107].
Labeling these conditions as overwhelmingly complex may be a misleading conclusion,
as the underlying neurobiological mechanisms are certainly overwhelmingly unexplored.
Psychotherapeutic treatments are often centered around cognitive behavioral therapy or related
approaches to associate somatosensory stimulation with positive brain states [103]. Therefore,
elucidating the neural circuits of erotic or affective touch will lay a critical foundation for the
development of therapeutics aimed at restoring functional circuitry in women experiencing sexual
dysfunction. Establishing precisely how the sensory neurons communicate to the brain in healthy
contexts is a critical first step in order to understand how these mechanisms are disrupted in the
context of psychological and/or physical trauma, cardiovascular disease, childbirth, menopause,
chronic pain, depression, anxiety, and pharmacological treatments such as SSRIs. However, this
level of mechanistic understanding requires experimental manipulation not possible in humans.
While rodent sexual behavior, particularly in non-pair-bonded species like mouse, differs vastly in
motivation, context, and neuronal output from that of humans, and many psychological causes of
dysfunction could not be modeled in rodents, some fundamental neuronal mechanisms –
apparently the incidence of C-low threshold mechanoreceptors [101,102] – appear to be
conserved [108]. Using the genetically tractable murine system to establish neuronal circuits may
prove informative for hypothesized therapeutic approaches developing clinical trials.
Much of the rodent research on female sexual behavior has focused on lordosis, a
posture of sexual receptivity [109]. The work has established the role of hormones [110] [111],
olfactory cues [112-114], and central circuits [115] [116] [117] in establishing this state of
receptivity in which the female is likely to go into lordotic posture in response to tactile input. Yet,
the neurons responsible for detecting that tactile input and integrating it with these cues in the
central nervous system to generate a behavioral output remain unidentified. Generally, the field
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has paid less attention to the precise tactile component of lordosis, yet this may be the most
translatable, considering the clinical relevance of somatosensory input compared to hormonal or
olfactory cues. Chapter 1 will discuss the role of one population of C-low threshold
mechanoreceptors in female sexual receptivity.
III. Low-threshold mechanoreceptors and pain (Ch2&3)
While this dissertation focuses primarily on C-low-threshold mechanoreceptors, the vast
majority of C-fibers are high-threshold, or nociceptive, mechanoreceptors. These innervate
lamina I of the spinal cord dorsal horn to activate Nk1r projection neurons of the anterolateral
tract, which send pain signals to the brain[118-120]. Painful stimuli that activate these
nociceptors in healthy individuals and are effective in alerting us to present or potential harm. For
example, pain is a leading cause of doctor’s visits, which, in turn, lead to treatment of the
underlying ailment [121-123]. Throbbing or inflammatory pain is primarily conveyed by C-fiber
nociceptors, which conduct slower signals because of their small axon diameter and lack of
myelin. Fast, sharp pain is conveyed by A-fiber nociceptors which are characterized by a large
axon diameter and myelination which together promote a fast conduction velocity [124,125].
These mechanisms are disrupted, however, in chronic pain, in which pain originates from
non-threatening stimuli that would not ordinarily activate high-threshold mechanoreceptors. This
includes allodynia, hypersensitivity to innocuous stimuli – inputs from low threshold
mechanoreceptors now being fed onto pain pathways – as well as hyperalgesia, sensitization of
high-threshold mechanoreceptors to become more easily activated by mildly painful stimuli [123].
Patients suffering from these forms of hypersensitivity report that routine activities, like getting
dressed or combing one’s hair, have become painful experiences [123]. Despite the condition’s
devastating impact on quality of life, available treatments are nonspecific and ineffective largely
because the underlying neural mechanisms remain obscure [126].
Importantly, the majority of chronic pain patients are women, yet treatments, specifically
morphine, are less effective analgesics in females [127,128] [129]. However, because the
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majority of mechanistic studies in rodents, as well as clinical studies [130], have focused on
males, our understanding of these sexually dimorphic mechanisms is limited [131]. Sex
differences in immune cell modulation of pain [132] [133,134], central circuits for descending
modulation of pain [135-138], as well as differences in sex hormones [139] [140,141] have been
identified as sources of this dimorphism. Whether sex differences in pain exist acutely is less well
understood [142], which we will discuss and present data for in chapter 2.
Generally, central mechanisms for allodynia highlight the role of low-threshold
mechanoreceptors (LTMRs). A-fiber LTMRs innervate the deeper lamina of the spinal cord dorsal
horn, distanced from the C-fibers, which are mostly nociceptive, which innervate the superficial
lamina to activate pain pathways, by inhibitory interneurons. The gate control theory, a leading
theory in spinal mechanisms of chronic pain, suggests that the spinal interneurons that normally
inhibit LTMR input to the pain pathway become blunted, leading to a painful perception of gentle
mechanical stimuli [143] [144] [145] [146] [147] [148]. While considerable work has identified
specific populations of interneurons that gate pain in this manner [147] [145] [146] [143] [148] the
molecular classes of LTMRs that drive hypersensitivity via these blunted pain gates remain
elusive. Further, this mechanism centers around the putative role of A-LTMRs innervating the
deeper lamina of the dorsal horn, but there is also evidence that C-LTMRs, which innervate
superficial lamina, may also be implicated in allodynia [89] [149] [93].
One approach that has garnered attention for investigating the role of molecular
subpopulation of LTMRs in allodynia is transdermal optogenetics [150]. Taking advantage of the
genetically tractable mouse model we can express the blue light sensitive channelrhodopsin in
the LTMRs of interest, and simply shine blue light through the skin in healthy and chronic pain
contexts. One study found that optogenetic activation of Vglut1+ Aβ-LTMRs after nerve injury did
not yield significant changes in nocifensive behaviors from a healthy baseline [150]. Another
study found that MrgprdCre lineage neurons, a population of C-mechanoreceptors, is indeed
sufficient to mediate an allodynia phenotype: optogenetic activation of MrgprdCre lineage neurons,
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which is neutral in healthy mice, becomes aversive after nerve injury [151]. Further, the Mrgprd
receptor is required for neuropathic pain phenotype mediated by TrpA1. [152] While
overwhelming evidence suggests activation of Mrgprd+ neurons is not aversive and these are
therefore likely not a population of nociceptors [153] [152] [154], their precise mechanosensory
role is unclear as they have also been implicated in itch sensation [155-157]. Chapter 3 will
investigate the role of a related population that is more explicitly implicated in gentle stroking
touch, the Mrgprb4Cre lineage neurons, in allodynia, highlighting limitations and future directions
for this approach.
Understanding the circuits of touch and pain is a complicated mystery. Pain is, in a
healthy context, a good thing, protecting us from harm and causing us to seek medical attention
for undiagnosed medical conditions. Yet when pain is engaged in innocuous stimuli, it interferes
with daily life. Accomplishing daily tasks like getting dressed or combing hair requires an accurate
and nonpainful discriminative touch, which is missing in allodynia. Equally critical to discriminative
touch and yet less understood mechanistically are the circuits of rewarding social touch.
Experiencing the comfort of an embrace, or the powerful intimacy of sexual touch with a partner
adds value to our lives and provides the resilience to face stressful scenarios. All of these
sensations originate from the DRG neurons innervating our skin. My thesis work has contributed
to expanding our knowledge of the peripheral encoding of touch and pain. I identified the role of
specific DRG neurons and/or their mechanisms in rewarding social touch (Chapter 1), sex
differences in pain (Chapter 2), and hypersensitivity in inflammatory contexts (Chapter 3).
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CHAPTER 1
MRGPRB4-LINEAGE NEURONS UNDERLY DOPAMINERGIC PLEASURABLE TOUCH AND
SEXUAL RECEPTIVITY

Chapter 1: Introduction
The pleasure of a partner’s caress or a child’s embrace begins with mechanical signals
transduced by neurons in our skin. After detection of touch in the skin by receptor proteins
expressed on the surface of dorsal root ganglion (DRG) sensory neurons, electrical signals are
passed to defined neurons in the spinal cord [88]. The spinal cord then serves as a local processing
hub for somatosensory information before signals reach the brain – the ultimate source for sensory
perception [158,159]. The way our brain interprets instances of social touch is critical for our wellbeing. Despite the centrality of socially rewarding touch in our daily lives, the neurons in the skin
that detect social touch and shape the valence of perception generated in the brain, remain
unknown. This gap in knowledge is critical, especially when considering the nature of
neurodevelopmental disorders like autism spectrum disorder, where gentle touch and socially
rewarding behaviors are aversive [160-162].
How might touch generate reward? The mesolimbic pathway in the midbrain consists of
ventral tegmental area (VTA) dopaminergic neurons that release dopamine into the nucleus
accumbens (NAc) to promote reward-learning and reinforcement, motivation for rewards, and
reward-prediction errors that teach animals to alter behavior whenever reward values do not match
predictions [163-167]. Regarding social behaviors in particular, such as exploring a non-familiar
conspecific, same-sex social interactions, or play behavior between female rats, VTA dopamine
signaling drives these social interactions [168-170]. Although a role for VTA dopamine neurons in
promoting social behaviors has been identified, except for a handful of studies [171], the neurons
and circuits that encode social stimuli and activate VTA dopamine neurons remains obscure.
Moreover, considering that dopamine neurons in the VTA are themselves a heterogeneous
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population [172], this raises the possibility that some VTA dopamine neurons might be fine-tuned
for the reward associated with touch during behaviors ranging from sex to social bonding.
A class of sensory neurons in humans that are linked to gentle stroking are termed C-tactile
afferents [173,174], and there are putative populations of these neurons in the mouse [93,175,176].
One such class of neurons in mice express the G-protein coupled receptor Mrgprb4 and appear to
share anatomical and physiological similarities with human C-tactile afferents [7,97]. Prior studies
demonstrate that hairy skin-innervating C-fibers labeled in the Mrgprb4Cre mouse line respond to
gentle stroking and produce a conditioned place preference, suggesting that their activation is
rewarding [7,97]. These findings prompted us to ask whether sensory neurons marked by the
Mrgprb4Cre mouse line might be important for promoting ethologically relevant rewarding touch that
engages the mesolimbic reward pathway in the brain. Here we used a combination of mouse
genetics, novel behavioral paradigms, and in vivo brain imaging to connect the skin and brain by
dissecting the role of Mrgprb4-lineage neurons in socially rewarding behaviors.
Chapter 1: Experimental Results
Focalized activation of Mrgprb4-lineage neurons in the skin is preferable and induces lordosis-like
posture in female mice
We reasoned that focal activation of Mrgprb4-lineage neurons in the back skin might mimic
touch among mice, so we used the blue light sensitive ion channel channelrhodopsin (ChR2) to
focally stimulate Mrgprb4-lineage neurons in vivo. To accomplish this goal, we used the Mrgprb4Cre
driver that functions as a lineage tracer to express a ChR2-eYFP fusion protein in Mrgprb4-lineage
neurons (Fig 1a). We confirmed this genetic targeting strategy with RNAscope in situ hybridization
and immunofluorescence (Fig 1b,c). Because Mrgprb4 expression begins ~P4-5 in a population of
progenitors broader than the Mrgprb4-expressing population of adult neurons [177], we
characterized the expression of ChR2-eYFP in Mrgpra3+, Mrgprc11+, and Mrgprd+ populations of
dorsal root ganglion neurons, which are known to share lineage with Mrgprb4+ neurons. Using
RNAscope in situ hybridization to characterize co-expression of ChR2-eYFP with Mrgprb4, Mrgprd,
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Mrgprc11, and Mrgpra3. (Supplemental Figure 1), we found the expression of ChR2 across these
populations consistent with the expected developmental expression of Mrgprb4[177] (Fig 1d,e),
thus accounting for all ChR2-eYFP+ cells in Mrgprb4Cre;RosaChR2 mice. Moreover, there was little
to no overlap between ChR2 (Mrgprb4-lineage expression) with TH, which is a marker of other CLTMRs [178], confirming that the Mrgprb4 lineage neurons are a distinct population of C-fibers.
With confirmation of our genetic targeting strategy to activate Mrgprb4-lineage neurons
with ChR2, we next asked if we could induce light-evoked, synaptically driven currents to secondorder neurons downstream in the dorsal horn of the spinal cord by combining optogenetics with
whole cell patch clamp physiology (Fig 1f). Interestingly, recording from LII of the spinal cord of a
Mrgprb4Cre;RosaChR2/+ heterozygous mice yielded no light-induced currents, while all recordings
from Mrgprb4Cre;RosaChR2/ChR2 homozygotes exhibited mono- and/or poly-synaptic inputs (Fig 1g,h;
Supplemental Figure 2). We previously published that two copies of Rosa-ChR2 were needed to
evoke behavior in MrgprdCre-ERT2;RosaChR2/ChR2 mice but not Trpv1Cre;RosaChR2/+mice, potentially
pointing towards unique and unexplored physiological characteristics of the Mrg lineage of Cfibers13,14. 15/39 neurons recorded fired action potentials following photostimulation. Action
potentials induced by these inputs were abolished by TTX, and both mono and polysynaptic
Mrgprb4 inputs to second-order neurons can be abolished by application of CNQX, demonstrating
both sodium channel-dependent firing of Mrgprb4-lineage neurons and glutamatergic synaptic
transmission between Mrgprb4-lineage neurons and second-order neurons (Fig 1i-l). Together, the
genetic targeting and electrophysiological recordings demonstrate the feasibility of optogenetically
activating Mrgprb4-lineage neurons to evoke behavior.
Previous work demonstrated that chemogenetic activation of neurons labeled in the
Mrgprb4Cre mouse line in juvenile males induces a conditioned place preference[7], suggesting
activation of these neurons is inherently pleasant or rewarding. To test whether focal activation of
these afferents in the back skin is similarly preferable, we developed a conditioned place preference
assay in which each chamber was paired with laser light administered transdermally through the
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Figure 1: Genetic targeting strategy to optogenetically manipulate Mrgprb4-lineage touch neurons.
A) Mrgprb4Cre mice express ChR2-eYFP in a Cre-dependent manner. B) RNAscope in situ hybridization in
DRG to quantify the expression of ChR2 in Mrgprb4+ cells. Scale bars represent 100 µm. C)
Immunofluorescence staining in spinal cord dorsal horn. Mrgprb4+ terminals innervate lamina II, inferior to
CGRP+ terminals in lamina I and overlapping with IB4+ terminals in lamina II. Scale bars represent 100 µm.
D) Expression of eYFP in different populations of DRG neurons that share lineage with Mrgprb4. From
RNAscope in situ hybridization in supplemental figure 1. E) Expression of different lineage populations
among ChR2-eYFP+ cells. See supplemental figure 1 for original RNAscope in situ hybridization images. F)
Schematic illustrating spinal cord slice electrophysiological recordings from lamina II during optogenetic
stimulation of terminals. G) Mono- or poly-synaptic light induced currents only in Mrgprb4Cre; RosaChR2/ChR2
mice. H) Quantification of light induced currents from Mrgprb4Cre; RosaChR2/ChR2 mice with jitter used to
determine mono- or poly-synaptic transmission. I) Light-induced currents in Mrgprb4Cre; RosaChR2/ChR2 mice
are abolished with CNQX. J) Light-induced currents are abolished in Mrgprb4Cre; RosaChR2/ChR2 mice with
TTX. K,L) Quantification of data presented in I,J.

shaved back skin. We used Mrgprb4Cre; RosaChR2/ChR2 mice given our result with spinal cord slice
physiology regarding the importance of homozygosity of the opsin protein (Fig 1f,g). One chamber
had ChR2-activating blue light, and the other had non-stimulating green light as a control (Fig 2a).
Mrgprb4Cre; RosaChR2/ChR2 females had a significant preference for the chamber associated with
blue light stimulation after training compared to Cre-negative littermates, suggesting that focal
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activation of Mrgprb4-lineage neurons in the back skin is positively reinforcing and inherently
rewarding (Fig 2b,c). Because approximately 60% of Mrgprb4-lineage neurons express Mrgprd in
adulthood (Fig 1e), we sought to confirm the specificity of this result to Mrgprb4-lineage neurons
by repeating these experiments with MrgprdCre-ERT2; RosaChR2/ChR2 mice. The MrgprdCre-ERT2 mouse
line has an inducible Cre, allowing us to treat these mice with tamoxifen at weaning, thereby
labeling only the adult Mrgprd+ population that does not co-express Mrgprb4. We and others have
previously demonstrated that optogenetic activation of Mrgprd+ neurons is neutral at baseline
conditions[151,153,154], and we recapitulated those findings here in our newly developed
optogenetic placed preference paradigm by showing no preference for blue light when Mrgprd+
neurons are activated through the back skin (Fig 2d,e). Thus, the positive valence is uniquely
associated with activation of Mrgprb4-lineage neurons. Focal activation in the back is sufficient to
drive this preference, suggesting the Mrgprb4-lineage neurons may detect pleasant tactile contact
to the back skin.
Behaviors that result from optogenetic activation of sensory neurons that sense pain or itch
are intuitive to interpret. For example, we and others have shown that selective optogenetic
activation of nociceptive neurons in mice evokes pain behaviors, such as paw withdrawal, licking,
and shaking, while activation of itch-sensing neurons evokes stereotyped itch behaviors, such as
scratching [153,179-184]. To determine whether there would be a stereotyped behavioral response
evoked by activation of putative social touch neurons, we combined optogenetic stimulation of
Mrgprb4-lineage neurons with high-speed videography at 750 frames per second to capture
behavior at high spatial and temporal resolution (Fig 2f). Intriguingly, a lordosis-like posture,
involving robust dorsiflexion, appeared as a stereotyped response to selective activation of
Mrgprb4-lineage neurons in the back skin (Fig 2g,h). Immunofluorescence staining for tdTomato
confirmed that the Mrgprb4-Cre-tdTomato was indeed active in the terminals of the hairy skin of
the back, which received the blue light stimulation (Fig 2i). We quantified this posture as the
maximum distance the back concaved from the ceiling of the plastic chamber over the course of
20s of optogenetic stimulation (Fig 2j). The posture is not observed upon optogenetic activation in
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the same experimental chambers of either Mrgprd+ neurons (Fig 2h) or Mrgpra3+ neurons
(Supplemental Figure 3), two related populations of neurons that share lineage with Mrgrprb4.
Thus, this posture is specific to activation of Mrgprb4-lineage neurons and represents the first

Figure 2: Focalized activation of Mrgprb4-lineage neurons in the back skin is rewarding and induces
a lordosis-like posture in female mice. A) Schematic illustrating our real time/conditioned place
preference assay. B) Mrgprb4Cre; RosaChR2/ChR2 females gradually spend more time in the blue laser
chamber compared to green laser chamber during the training days (lasers on) and C) spend significantly
more time in the chamber they learned to associate with blue light on the test day (lasers off) compared to
habituation days, (*P<0.05, unpaired t-test.) D,E) MrgprdCRE-ERT2; RosaChR2/ChR2 females do not develop a
preference for the blue laser-paired chamber. F,H) Stills from high speed videography to closely examine
the behavior during the preferable transdermal optogenetic activation of Mrgprb4-lineage neurons. G) On
the right, immunofluorescence staining of Cre-tdtomato+ terminals in the hairy skin. Mrgprb4Cre;
RosaChR2/ChR2 females (F) exhibit a striking lordosis-like dorsiflexion in response to Mrgprb4-lineage neuron
activation, a behavior absent from (H) RosaChR2/ChR2 female littermates. I) This posture is quantified as the
back’s maximum distance from the chamber ceiling over the course of 20s optogenetic stimulation.
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stereotyped behavioral response to the selective activation of pleasant touch. Because this
response resembles the sexually receptive lordosis posture and occurred with optogenetic
stimulation directed to the backs of females (male data Supp 5c) we hypothesized that, in females,
Mrgprb4-lineage neurons might play a role in sexual receptivity and other touch-dependent socially
rewarding behaviors.
Mrgprb4-lineage neurons are required for sexual receptivity and female-female social postures but
not social interest
To test this hypothesis, we interrogated the role of Mrgprb4 neurons in two natural
behaviors where female rodents display prominent dorsiflexion postures in response to touch: 1)
lordosis – the female sexually receptive posture which includes dorsiflexion in response to male
tactile input to the back and flanks[117,185-188] and 2) crawling underneath cage mates which
involves a dorsiflexion of the spine in response to the cage mate on top, and has recently been
associated with oxytocin neuron activation in rats[81]. We refer to this behavior as the “conspecific
crawl.” We focused on female social behaviors because lordosis is a female behavior and
conspecific tactile input may be conflated with aggression or dominance behavior in males.
To determine whether Mrgprb4-lineage neurons are required for either of these touchdependent social behaviors, we ablated the population using a Cre-dependent diphtheria toxin
mediated ablation (Fig 3a; lineage quantification in Fig 1d,e). We used RNAscope in situ
hybridization to confirm the elimination of dorsal root ganglion (DRG) cell bodies that express
Mrgprb4 (Fig 3b). The same population of Mrgprb4-lineage neurons were ablated upon DTA
expression as were labeled with ChR2-eYFP expression (this RNAscope data to be published in a
separate study). Mrgprb4Cre; RosaDTA mice did not exhibit any motor abnormalities that might
conflate interpretations of our results (Fig 3c,d). To determine if the Mrgprb4-lineage neurons are
required in females to detect male mounts and facilitate lordosis, we conducted a lordosis quotient
(LQ) assay[185,189]. To control for natural fluctuations in the estrous cycle, we ovariectomized
females (OVX) and subsequently treated them with both estradiol and progesterone to mimic a
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state of behavioral estrus at the time of the assay, as previously described[190] (Fig 3e). Over the
course of three trials, with one week recovery between each trial, Mrgprb4Cre; RosaDTA females and
cage mate controls were paired with stud males that had recently fathered multiple litters,
confirming their sexual competency. We measured the fraction of receptive responses to total male
mounts (lordosis quotient) as well as the average duration the female maintained a receptive
posture (sexual receptivity). A female’s response was considered receptive if she had all four limbs
on the floor of the cage and displayed no attempts to escape. Healthy females have been shown
to increase their sexual receptivity upon increased exposure to males, and therefore LQ assays
are sometimes conducted over the course of multiple trials, which we did here[191]. On the first
week of testing, Mrgprb4Cre; RosaDTA and control females both exhibited moderate levels of sexual
receptivity. While control females increased in receptivity on subsequent trials, strikingly,
Mrgprb4Cre; RosaDTA females’ receptivity plummeted on the second pairing, and remained minimal
for the third pairing (Fig 3g,h,k,l).
While the neurobiology of why females increase receptivity upon exposure to males is
unknown [191], it may suggest that there exists a rewarding component of sexual encounters that
positively reinforces the behavior for females, driving them to engage more receptively on
subsequent trials (Fig 3g,h). Therefore, it is possible that the Mrgprb4Cre; RosaDTA females begin at
a relatively normal level of receptivity because they too have had not the chance to reinforce the
behavior. If this is the case, it would seem that the (normally rewarding) sexual encounters become
negatively reinforcing or aversive in the absence of Mrgprb4-lineage neurons.
Based on our findings that the Mrgprb4-lineage neurons are sufficient to induce dorsiflexion
and a place preference, we formulated two hypotheses as to why the Mrgprb4-lineage neurons are
required for the positive reinforcement of sexual encounters. First, we hypothesized that the
Mrgprb4-lineage neurons are required for the sensation that yields dorsiflexion, such that without
the neurons, female mice cannot produce a quality lordosis posture, which indirectly impacts their
experience of the sexual encounter. Second, we hypothesized that the Mrgprb4-lineage neurons
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are directly signaling a sensation that serves as positive reinforcement by engaging reward
circuitry. We test the former hypothesis in the next section, and the latter in figures 5 and 6.

Figure 3: Mrgprb4-lineage neurons are required for female sexual receptivity. A) Graphic
representing Mrgprb4Cre; RosaDTA mouseline, expressing DTA in a Cre-dependent manner to ablate
Mrgprb4-lineage neurons. B) RNAscope in situ hybridization of DRGs from B) WT C57 control and C)
Mrgprb4Cre; RosaDTA female, cell bodies expressing Mrgprb4 (magenta) are absent upon DTA expression
while TrpV1 (green) cells remain intact. Scale bars = 75µm. C,D) Mrgprb4Cre; RosaDTA mice exhibit no
motor deficits in open field (unpaired t-test) or rotarod assays (2-way ANOVA). E) Timeline for assessing
sexual receptivity with lordosis quotient (LQ) assay: all females are given two weeks to recover after
ovariectomy, at which point estradiol and progesterone are administered to put them in behavioral estrus
for an overnight pairing with a male. Hormones replaced prior to each LQ trial. F) Assays conducted in the
male home cage in the dark cycle. Graphic depicts a sexually receptive female lordosis posture G) Lordosis
quotient scores for 3 sequential trials for WT C57 and Mrgprb4Cre; RosaDTA females. (*P<0.05, **P<0.01,
***P<0.001, One-Way ANOVA). H) Changes in individual mice across the three trials. (*P<0.05, **P<0.01,
***P<0.001, Repeated Measures ANOVA). I) Posture quality assessed on a scale from 1-3, where 1 is the
minimum receptive posture and 3 is the most robust posture (details in methods). J) Male mounting
frequency was no different between Mrgprb4Cre; RosaDTA females and controls. K) Average sexual
receptivity, or duration maintained a receptive posture. (*P<0.05, One way ANOVA). L) Changes in sexual
receptivity in individual mice across trials (Repeated measures ANOVA). M) Total number of combative
bouts observed for each trial. By the third trial, Mrgprb4Cre; RosaDTA females exhibited significantly more
combative bouts than control females on any trial (*P<0.05, One way ANOVA).
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To determine whether Mrgprb4Cre; RosaDTA females resisted mounts on subsequent
pairings because they were incapable of producing a quality lordosis posture, we examined the
quality of the posture in each of the three weeks. We found that their posture quality was normal
on the first trial, suggesting that Mrgprb4Cre; RosaDTA females are indeed capable of producing a
quality lordosis posture, but choosing not to display lordosis on subsequent trials (Fig 3i). Despite
the reduced sexual receptivity of females, males demonstrated equal vigor in mounting in both
Mrgprb4Cre; RosaDTA females and WT C57 controls (Fig 3j). Concomitant with the sharp decline in
sexual receptivity in Mrgprb4Cre; RosaDTA females, these females now displayed combative
behavior towards the male attempts to mount (Fig 3m). This phenotype is striking, as female mice
primed for behavioral estrus are not naturally aggressive[190,192]. Mrgprb4-lineage neurons are
therefore not required for a motor output of lordotic dorsiflexion, but must encode a sensation that
is necessary for the rewarding nature of sexual touch, which we will examine in figures 5 and 6.
Before examining reward circuitry, we sought first to determine whether Mrgprb4-lineage
neurons are required for the second touch-induced dorsiflexion posture of interest, the “conspecific
crawl.” The “conspecific crawl” behavior, in which one female adopts a dorsiflexion posture as she
crawls beneath a cage mate (thereby receiving social back contact) (Fig 4a), reminded us of
postures we observed with optogenetic stimulation of Mrgprb4-lineage neurons (Fig 4b). The
resemblance between natural and optogenetically evoked postures led us to ask if Mrgprb4-lineage
neurons are required for female-to-female social behavior that involves back touch. We found that
when Mrgprb4Cre; RosaDTA adult females and WT-C57 cage mates were observed for spontaneous
social interaction, there was a specific deficit in social touch-induced dorsiflexion, or conspecific
crawl (Fig 4e). The conspecifc crawl was a dorsiflexion response to any social touch to the back:
allogrooming, other taps or contacts to the back, or sliding underneath a stationary cage mate
(example graphic Fig 4d). Interestingly, initiating social touch and allogrooming behaviors were
similar between groups (Fig 4f,g), and Mrgprb4Cre; RosaDTA mice display normal social interest as
tested in a social approach assay when presented with the choice of interacting with another mouse
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Figure 4: Mrgprb4-lineage neurons are required for female-to-female touchevoked social postures but not general social interest. A) Still frames from
behavioral videos showing the conspecific crawl posture: dorsiflexion in response to
social touch. B) Still frames from highspeed videos showing the dorsiflexion induced
by optogenetic activation of Mrgprb4-lineage neurons. These stills are eerily
reminiscent of the postures induced by natural social touch. C) The Mrgprb4Cre;
RosaDTA females were used in this experiment. D) Graphic depicting a typical
conspecific crawl back dip posture E) Number of conspecific crawl back dip
occurrences per mouse divided by the total number of backcontacts that mouse
received. Mrgprb4Cre; RosaDTA females do fewer back dips than WT females
(*P<0.05, unpaired t-test). F) Mrgprb4Cre; RosaDTA females contact their cagemates’
backs just as frequently as WT females contact their cagemates’ backs in the 20
minute trial. G) Mrgprb4Cre; RosaDTA females allogroom their cagemates for similar
duration as controls. H) Mrgprb4Cre; RosaDTA females demonstrate similar preference
for a mouse over an inanimate object compared to controls. I) Mrgprb4Cre; RosaDTA
females spend a similar duration nestmaking compared to controls. J) Mrgprb4Cre;
RosaDTA females spend a similar duration self-grooming compared to controls.

or an inanimate object (Fig 4h). Thus, Mrgprb4-lineage neurons are not necessary for typical social
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development but are necessary more specifically for evoking touch-dependent social postures.
DREADD activation of Mrgprb4-lineage neurons does not promote social interaction or postures.

Next, we sought to determine whether activation of the Mrgprb4-lineage neurons could
increase the frequency of conspecific crawl postures in a natural social setting. We therefore used
a Designer Receptors Exclusively Activated by Designer Drugs (DREADD)-based chemogenetic
approach to activate Mrgprb4-lineage neurons while avoiding experimenter intervention during the
social paradigm, which would be required for transdermal optogenetic activation. We generated
Mrgprb4Cre; RosahM3dq mice and either Mrgprb4Cre or RosahM3dq littermate controls and administered
Clozapine N-oxide (CNO) or saline 30 minutes prior to reuniting the cage mates for the social
interaction assay, as performed in Fig 3 (Supplemental Figure 4a-d). We observed that
chemogenetic activation of Mrgprb4-lineage neurons did not promote increased social contact, an
unsurprising result given that DTA-mediated ablation of Mrgprb4-lineage neurons did not impair
social motivation or social contact (Supplemental Figure 4f,g). This further highlighted that Mrgprb4lineage neurons, although recruited in touch-dependent social behaviors, do not appear to play a
role in social motivation among same-sex conspecifics. Interestingly, however, there was no
significant increase in social conspecific crawl postures (Supplemental Figure 4e). Unpublished
work in the lab has confirmed DREADD activation of the Mrgprb4-lineage neurons (data not
shown), however, it is important to note that such a positive control did not exist for this particular
experiment. It is perhaps interesting to note that during this assay, females mounting females
(Supplemental Figure 4m), as well as dorsiflexion in isolated mice (not induced by social touch)
(Supplemental Figure 4k-l), was occasionally observed, but so infrequently and across different
treatment groups that no conclusions can be drawn. However, a future study examining the
frequency of such spontaneous behaviors over long timescales could yield interesting results,
especially with the advantage of seeing how these behaviors may be modulated by time of day.
While optogenetic activation of Mrgprb4-lineage neurons is sufficient to induce a dorsiflexion
posture in isolation, chemogenetic activation was not sufficient to promote the posture in social
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settings. It may be that focal activation on the back is required to generate the dorsiflexion, and
body-wide chemogenetic activation is not a physiologically relevant sensory input for this social
posture.

Optogenetic-induced dorsiflexion posture is not representative of a state of hormonal sexual
receptivity
Decades of work have established that rodent lordosis is tightly modulated by levels of
estrogen and progesterone[187,193,194]. To determine whether the dorsiflexion caused by
optogenetic activation of Mrgprb4-lineage neurons posture represents a posture of sexual
receptivity, we tested whether the posture was modulated by ovarian hormones. First, we tracked
the extent of dorsiflexion with the natural estrous cycle determined by daily vaginal lavage. We
found that the dorsiflexion posture during 20s of optogenetic stimulation did not significantly vary
across estrous states (Supplemental Figure 5a). Secondly, we determined whether experimental
manipulation of ovarian hormones would impact the posture. We measured the optogeneticinduced postures in either vehicle or hormone-replaced ovariectomized females (to mimic a natural
state of behavioral estrus). Consistent with the results for the natural estrous cycle, we found that
the extent of the posture was not significantly different in ovariectomized compared to OVX +
hormone replaced females (Supplemental Figure 5b). Further, we observe this posture in male
mice. Lastly, we see this posture in p21 pups, which are not sexually mature and would not exhibit
lordosis to a male mount. Thus, the dorsiflexion that results from the optogenetic activation of
Mrgprb4-lineage neurons does not represent a state of sexual receptivity. Instead, the optogenetic
activation of Mrgprb4-lineage neurons in the back skin may be triggering a local sensorimotor circuit
that is recruited and modulated by hormonal conditions during natural sexual encounters.
Optogenetic activation of Mrgprb4-lineage neurons is sufficient to cause dopamine release
We hypothesized that Mrgprb4-lineage neurons may directly transduce rewarding
sensation during sexual encounters. Because tactile input from the male to the female during
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sexual behavior occurs to the back and anogenital region, we examined the skin in both regions
for Mrgprb4+ nerve endings. Consistent with prior neuroanatomical studies [97], Mrgprb4+
terminals innervated all examined hairy skin, including the back, underbelly, and skin surrounding
the genitalia, but were absent from the glabrous lining of the vaginal wall (Figure 2i; Supplemental
Figure 6). We next coupled fiber photometry with transdermal optogenetic stimulation to test
whether activation of Mrgprb4-lineage neurons – in either the back or anogenital skin – is sufficient
to induce dopamine release in nucleus accumbens (NAc), a brain region for dopaminergic sexual
reward[195-198] (Fig 5a). To measure dopamine release we used stereotactic viral injections of
the GRABDA dopamine sensor into the NAc (Fig 5a,b). The GRABDA sensor is a GPCR-based
approach where dopamine release and binding to its cognate receptor generates fluorescence with
subcellular resolution and sub-second kinetics that we can detect with a photodetector [84].
Mrgprb4Cre; RosaChR2/ChR2 females expressing the GRABDA dopamine sensor in NAc were given
either 30s transdermal optogenetic stimulation to the back or anogenital region or the same
treatment with non-stimulating green light while dopamine signals were recorded. When we
analyzed the GRABDA signal upon optogenetic back stimulation of Mrgprb4-lineage neurons, we
observed a significant increase in deltaF/F 0-6s after blue light, but not green light, stimulus onset
(Figure 5e). Other measures of changes in fluorescence over stimulus time bins, such as area
under the curve, peak value, and average deltaF/F, showed a similar trend but without statistical
significance by repeated measures One-way ANOVA. One cohort also received a second
stimulation after 30s rest, and a slightly diminished dopamine release was observed, suggesting
there may be a habituation effect (Supplemental Fig. 7a-f). To fairly combine this data with the
cohort receiving only one stimulation, only the first stimulation from the second cohort was included.
We next turned to the Mrgprb4-lineage neurons innervating the skin surrounding the
genitalia, which are expected to be stimulated during male intromission during mounting.
Intriguingly, blue light stimulation to skin surrounding the genitalia, but not green (Fig. 5n, r-t), was
sufficient to raise GRABDA deltaF/F significantly from baseline levels (Fig 5n,o) after 6s of
stimulation. Similar to the back skin stimulation, the cohort receiving a second stimulation after 30s
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Figure 5: Activation of Mrgprb4-lineage neurons triggers dopamine release in the nucleus
accumbens. A) Schematic depicting the experimental setup. Female Mrgprb4Cre; RosaChR2/ChR2 mice with
shaved backs, which had been injected with GRABDA to the NAc two weeks prior to testing, were placed
under plastic chambers on a mesh platform. Pulsed blue (stimulating) or green (control) laser light (35mW,
10Hz sin wave) was shined to either the back skin (C-K) or skin surrounding the vagina (L-T) while
recording GRABDA signals. B) Cannula placement and GRABDA expression in NAc C-D) Average GRABDA
signal as z-score upon blue light (C) or green light (D) stimulation to the back. E) Average deltaF/F signals
pre (-5-0s) and post (0-6s) for each animal. Two-way ANOVA revealed significant interaction between
wavelength and time (p=0.0161) and Sidak’s multiple comparison test revealed significant difference in
blue light (p=0.0014) but not green light (p=0.9411) pre/post stim. F-K) Comparison of GRABDA signals in
response to blue light (F-H) or green light (I-K) stimulation to back. L-M) Average GRABDA signal as zscore upon blue light (L) or green light (M) stimulation to the anogenital region. N) Average deltaF/F signals
pre (-5-0s) and post (13-20s) for each animal. Two-way ANOVA revealed significant interaction between
wavelength and time (p=0.0110) and Sidak’s multiple comparison test revealed significant difference in
blue light (p=0.0003) but not green light (p=0.8547) pre/post stim. O-T) Comparison of GRABDA signals in
response to blue light (O-Q) or green light (R-T) stimulation to anogenital skin.

rest exhibited a slightly diminished dopamine release (Supplemental Fig. 7g-l). Together, this data
demonstrates that the Mrgprb4-lineage neurons in the back, and perhaps even more robustly in
the anogenital skin, are sufficient to induce dopamine release in otherwise socially-isolated mice.
Mrgprb4-lineage neurons are required for dopamine release during sexual behavior
The Mrgprb4-lineage neurons are both necessary for the positive reinforcement of female
sexual receptivity and sufficient to cause dopamine release in isolated females. We hypothesized
that Mrgprb4-lineage neurons may be driving dopamine release during sexual behaviors. To
determine whether Mrgprb4-lineage neurons are indeed required for sexual reward, we injected
Mrgprb4Cre; RosaDTA females and littermate controls with the GRABDA dopamine sensor to
observe any differences in dopamine activity during sexual behavior in the absence of Mrgprb4lineage neurons (Fig 6a). We measured dopamine activity in the seconds surrounding mounts,
anogenital sniffs, and other instances of back contacts to the female. We found that Mrgprb4Cre;
RosaDTA females had significantly reduced dopamine signal in the time surrounding mount onset
compared to littermate controls (p=0.02, Repeated Measure Two-Way ANOVA main effect for
genotype) suggesting the Mrgprb4-lineage neurons are indeed required for the sexual reward that
occurs during a male mount. No significant difference in dopamine activity was detected for
anogenital sniffs or back contacts (Supplemental Figure 8). Mrgprb4-lineage neurons may signal
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reward in these social touch scenarios, but dopamine release may be at levels too low to detect a
difference, compared to the robust dopamine release in females upon male mounts. Together,
these data reveal that Mrgprb4-lineage neurons communicate with the brain’s reward center
during socially rewarding sexual behavior.

Figure 6: Mrgprb4-lineage neurons are required for dopamine release in the nucleus accumbens
surrounding onset of male mounts. A) Graphic depicting experimental setup. Female Mrgprb4Cre;
RosaDTA mice or littermate RosaDTA controls, which had been injected with GRABDA to the NAc over two
weeks prior to testing were paired with males for a mating assay. Females were ovariectomized and
hormone primed to be in a state of behavioral estrus for testing. GRAB DA signals were recorded for the
entire pairing and analyzed surrounding mounts. B-C) Average z-score traces surrounding mount onset
(T=0) for littermate RosaDTA controls (B, gray, N=5) or Mrgprb4Cre; RosaDTA females (C, purple, N=4). D)
Average GRABDA deltaF/F signal pre (-15 to -5s) vs post mount onset (0 to 40s). Repeated measures twoway ANOVA revealed a significant main effect for genotype (p=0.0242) but no significant interaction
between time and genotype (p=0.3281) E) Area under the curve. Repeated measures two way ANOVA
main effect for genotype (p=0.1286) and interaction between genotype and time (p=0.1220). F) Peak Value.
Repeated measures two way ANOVA main effect for genotype (p=0.1330) and interaction between
genotype and time (p=0.5632).
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Chapter 1: Discussion
Although affective social touch begins at the skin’s surface, the molecular identity of
sensory neurons in the skin that detect socially relevant signals and pass them to the central
nervous system has remained unknown. Moreover, because touch itself is highly heterogeneous
(i.e., discriminative touch to detect texture with our fingertips versus the affiliative touch during a
hug from a friend), sensory perception is likely generated by different sets of neurons to provide
specificity [175,178,199-204]. Armed with this information, where does one begin the search for
touch neurons underlying social reward, including sexual receptivity? Within the deep ocean of
DRG neuron types, one class, termed C-low threshold mechanoreceptors (C-LTMRs), or C-tactile
afferents in humans, are implicated in detecting gentle strokes across the skin’s surface [174].
Although a limited number of papers in the mouse identify molecular populations of C-LTMRs,
including their neuroanatomy and roles in somatosensation during baseline and chronic pain states
[95,176,178,205-209], the role of C-LTMRs in promoting social behaviors remains obscure.
Here, we demonstrate that Mrgprb4-lineage neurons are indeed critical for specific social
behaviors and for signaling social reward to the brain. Focal activation of Mrgprb4-lineage neurons
yields a striking dorsiflexion posture resembling mammalian lordosis, representing the first acute
behavioral response to optogenetic activation of social touch neurons. Mrgprb4-lineage neurons
are required for two touch-dependent social postures: sexual behavior and crawling under samesex conspecifics. However, their role in female sexual behavior is not simply in the local lordotic
reflex; rather, the neurons convey an affective sensation that reinforces sexual receptivity, and
without them, male advances during sexually receptive hormonal states become aversive. This
finding suggests that Mrgprb4-lineage neurons contribute to the perceived valence of sexual
encounters in females by encoding the rewarding aspect of male sexual touch. Lastly, we use fiber
photometry to functionally link Mrgprb4-lineage neurons in the skin to reward circuitry in the brain.
Transdermal optogenetic activation of Mrgprb4-lineage neurons in the skin surrounding female
genitalia is sufficient to induce dopamine release in the NAc: this is the first report of molecularly
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defined somatosensory neurons triggering activation of a brain reward center. Finally, we link this
simulation of rewarding touch to natural tactile reward by demonstrating that Mrgprb4-lineage
neurons are required for this same dopamine release during male mounts.
One question that emerges from our genetic targeting strategy is whether the effects that
we have revealed could be driven solely by the Mrgprb4+ adult population of neurons, or whether
the effects are attributed to the broader population of sensory neurons that share developmental
history of expressing Mrgprb4. In the latter case, is there perhaps an unidentified molecular marker
of Mrgprb4-lineage neurons that might be important in initiating the pleasurable touch circuit in the
skin? We believe the studies here open the field to explore these and other exciting new
possibilities, particularly the importance of considering lineage expression of a gene a property that
can define a functional class of neurons.
In summary, the work described here has revealed the sufficiency of peripheral inputs to
regulate social reward independent of context and other sensory cues. Since ventral tegmental
dopaminergic neurons that project to the NAc are themselves functionally heterogeneous
[172,210], it is possible that some of these neurons might be tuned for encoding rewarding touch.
It will also be interesting to determine if Mrgprb4-lineage neurons are involved in other behaviors
that integrate social touch, such as maternal care. Another outstanding question in touch biology
is whether defined molecular classes of touch neurons are tuned for encoding unique behaviors or
whether a combinatorial code of touch neurons is activated in the skin with specificity driven by
central circuits. The approaches outlined here genetically targeting touch neurons during behavior
and imaging could be leveraged to determine the functional roles of other molecularly defined touch
neurons. We believe this study draws new attention to the importance of elucidating skin-brain
circuits, analogous to the importance of gut-brain circuits. Moreover, this work points towards the
therapeutic potential of peripheral manipulations for enhancing intact or impaired social reward
systems, including sexual receptivity, or simulating social reward during periods of isolation.
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Chapter 1: Methods
Mice and Behavioral Testing
All testing was performed in compliance with the NIH Guide for the Care and Use of
Laboratory Animals and were approved by the Institutional Animal Care and Use Committee of the
University of Pennsylvania and Columbia University. Mice born into our colony on a C57bl/6J
background were maintained in conventional housing with food and water available ad libitum when
not being tested, on a 12 hour light cycle beginning at 7:00, and all testing unless otherwise noted
occurred during the light cycle in a room directly adjacent to the housing room in the animal facility.
Mouse lines used in this study are located at Jackson Laboratories: C57BL/6J (Stock No: 000664),
Mrgprb4Cre (Stock No: 021077), MrgprdCre-ERT2 (Stock No: 031286), RosaChR2-eYFP (Stock No:
024109), RosaDTA (Stock No: 009669), RosaGq-DREADD (Stock No: 026220). The MrgprA3Cre line was
generously provided by Dr. Xinzhong Dong at Johns Hopkins University School of Medicine.
RNAscope in situ hybridization
Brains were harvested immediately following transcardial perfusion and post-fixed in 4%
PFA in PBS at 4oC for 24h. Brains were subsequently submerged in 30% sucrose in PBS at 4 oC
for 18h or until sunk, flash frozen in cryomold on dry ice in OCT, sectioned at 12µm directly onto
Superfrost Plus Slides and stored in foil-wrapped slide box at -80oC until beginning Fixed Frozen
RNAscope protocol (ACD).
Entire spinal columns were harvested immediately following transcardial perfusion and
post-fixed in 4% PFA in PBS at 4oC for 24h. Either spinal cord or DRG were subsequently dissected
and submerged in 30% sucrose overnight or until sunk. Tissue was flash frozen in cryomold on dry
ice in OCT, sectioned at 12µm directly onto Superfrost Plus Slides, and stored in foil-wrapped slide
box at -80oC until beginning Fresh Frozen RNAscope protocol (ACD). Note the fixation step was
skipped in ACD’s Fresh Frozen protocol for these tissues.

35

Immunohistochemistry
Brains, spinal cord, and DRG were collected and prepared in the same way as in situ
hybridization. 30µm cryosections were cut directly onto Superfrost Plus Slides. Slides were frozen
overnight in a slide box at -80oC. Slides were washed 3x 10min in PBS; 30 minutes in PBST; 1
hour in PBST with 5% normal donkey serum. Primary antibody, 1:1000 in PBST with 5% normal
donkey serum, was applied to slides in a humidified chamber overnight at room temperature.
Secondary antibody, 1:400 in PBST with 5% normal donkey serum, was applied to slides in a
humidified chamber 1-2 hours at room temperature. Slides were washed 3x 10 minutes in PBS
before applying mounting media and coverslip.
Transdermal optogenetic activation of Mrgprb4-lineage neurons
Transdermal optogenetic stimulation of sensory neurons was performed as we previously
described14. In brief, 8-16 week old female mice were habituated to mesh platform under a plastic
chamber for 1 hour on each of two days prior to behavioral testing. Experimenter was present with
lights, camera, and laser running during habituation to mimic entire sensory experience of test day.
On the day of testing, the mice were habituated to the chambers for an additional 20 minutes before
stimulation. 35mW blue laser light pulsed at 10 Hz sin wave was shined through the ceiling of the
chamber to the shaved backs of mice for 20 seconds during high-speed video captured at 750fps.
Tamoxifen injection for MrgprdCre-ERT2; RosaChR2/ChR2 mice
To induce expression of Cre recombinase in MrgprdCre-ERT2; RosaChR2/ChR2 mice, we
intraperitoneally injected 0.5mg tamoxifen in 100µl sunflower seed oil in mice aged P10 or older.
We repeated this injection daily for three days, so each mouse received three 0.5mg doses.
Behavioral testing began at least two weeks after the third injection to allow for Cre expression.
Quantification of the back dip
Optogenetic-induced dorsiflexion posture was calculated as the maximum back dip from
the ceiling of the behavioral chamber for the duration of the 20s stimulation. High speed videos
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were analyzed in ImageJ to track the lowest point of the back throughout the 20s stimulation. The
lowest y value was subtracted from the y value of the top of the chamber, and the value was
converted from pixels to millimeters by determining the pixel height of the 4.5cm chamber for each
video. It was decided that this was the most quantifiable way to characterize the dip. While duration
or frequency of response require a subjective determination of when a back dip starts and stops –
and therefore can be more challenging to compare to control animals – the back dip depth is the
most objective measure because it allows us to compare between natural movement of the spine
in controls, small back dips, and most drastic back dips. This measure encapsulates the full
variability of response. We plotted as the percent of animals that concaved their back beyond
17mm, which was chosen as a threshold based on the spread of the data to represent a dipping of
the back beyond typical movements.
Conditioned Place Preference
8-14 week old Mrgprb4Cre; RosaChR2/ChR2 females or MrgprdCRE-ERT2; RosaChR2/ChR2 and Crenegative RosaChR2/ChR2 female littermates underwent a 9 day conditioned place preference
paradigm. The apparatus consisted of two chambers, one paired with almond extract and a textured
floor, the other coconut extract and a smooth floor. Additionally, one chamber wall had stripes,
while the other had polka dots. These olfactory and visual stimuli were present throughout the 9
day paradigm to aid in the mouse’s encoding of different chambers. Days 1-3 were habituation:
each mouse was allowed 20 minutes to explore the two chambered apparatus with no optogenetic
stimulation. Days 4-8 were training: each mouse was allowed 20 minutes to freely move about the
two-chambered apparatus, now receiving laser light stimulation to the back. In one chamber the
mouse received 10Hz pulsed sin wave 35mW blue laser light to the shaved back, and the other
chamber non-stimulating green light of the same parameters. Experimenter held the laser lights
~1cm from the back skin for the duration that the mouse was in the chamber. The lasers were held
with an extendable alligator clip to avoid casting body shadow on the chambers. Day 9 was test
day: each mouse was allowed 20 minutes to freely move about the two-chambered apparatus in
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the absence of any laser light stimulation. Baseline preference was calculated for each mouse by
averaging the duration spent in each chamber across the three habituation days. The conditioned
preference was calculated for each mouse as the duration spent in each chamber on the test day.
Percent change was calculated as percent time in blue light chamber after training – percent time
in blue light chamber before training.
Determination of natural estrous state
Natural estrous cycle was determined by vaginal lavage. Immediately following behavioral
testing, the vagina was flushed with 20µl ultrapure water which was then pipetted onto a Superfrost
plus slide for examination under dissecting scope. Mice were tested mid-morning each day to
ensure the most accurate tracking. Lavage samples were assessed as described [211], and estrous
state was recorded throughout the week to ensure normal cycling. Data from mice with lavage
samples that could not be fit into a typical four or five day cycling pattern were excluded.
Ovariectomy Surgery
Ovariectomies were performed on 8 week old female mice under 1.5-2% isoflurane using
proper sterile technique. 5mg/kg oral or intraperitoneal meloxicam and 2mg/kg subcutaneous
bupivacaine (at incision sites) were administered before surgery. A 0.5cm incision is made 1cm
lateral to spinal cord, at the point where ribcage ends. An equivalent incision was made through
the muscle wall. The white fat pad was exposed to identify the ovary, which was cauterized with a
hemostat and scraped off with a scalpel. The fat pad was reinserted and 1-2 sutures closed the
muscle wall. 2-4 sutures closed the skin. Meloxicam was administered 24 hours after surgery and
mice were allowed two weeks to recover before behavioral testing.
Lordosis Quotient Assay
10-14 week old ovariectomized females underwent two overnight pairings with stud males
two weeks following surgery. To mimic behavioral estrus state at the time of pairing, females were
subcutaneously injected with 0.5 µg estradiol benzoate in sunflower seed oil both 52 and 28 hours
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before pairing, and with 800 µg progesterone in sesame oil 4 hours before pairing. The females
received the same hormone treatment prior to the lordosis quotient assay. Lordosis quotient assay
was conducted in male home cage, 1-2 hours into the dark cycle. Video of the assay was recorded
for 20 minutes or 20 attempted male mounts, whichever came first. Lordosis quotient was
calculated as the number of female receptive responses divided by the number of attempted male
mounts. A receptive response for the female was scored as all four limbs securely on the cage floor
with no combative or escape behaviors. If the first male did not mount within 10 minutes, the female
was moved to another male’s cage. For any given trial, up to three males may have been used.
Receptive postures were scored for quality on a scale from 1-3 as follows: 1: limbs on the ground
with no attempts to escape, neither dorsiflexion nor upturned nose. 2: Some dorsiflexion, no
upturned nose. 3: Robust dorsiflexion and/or upturned nose. Posture scores were averaged within
each trial.
Interfemale Social Behavior Assay
The interfemale social behavior assay was adapted from allogrooming assays[212,213]
and conducted in the same way for both diphtheria toxin-mediated ablation and chemogenetic
activation of Mrgprb4-lineage neurons. 8-14 week old cage mate females (from different litters but
shared cage for at least three weeks prior to testing) were acclimated to the behavioral room and
brief experimenter handling for 1 hour the day prior to testing. Immediately prior to testing, the mice
were separated in clean cages for 30 minutes to promote social interaction upon reunion. For
chemogenetic experiments, the mice were injected with either saline or 0.5 mg/kg CNO in saline
immediately prior to the 30 minute separation so that behaviors would be recorded 40-60 minutes
after injection, when CNO has peak effects. The two females were reunited in the home cage for
30 minutes, during which video was recorded. The first 10 minutes served as habituation, during
which time the mice predominantly explored the cage, and the following 20 minutes were scored
for behaviors. Experimenter, blinded to genotype/treatment group, scored videos for duration
allogrooming, duration selfgrooming, duration nestmaking, duration sleeping, number of
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conspecific crawl behaviors, and number of contacts received to the back. Behavioral observation
research interactive software (BORIS) was used for behavioral scoring.
Viral injections and optic fiber implantation
7-10 week old females were pretreated with 5mg/kg oral or intraperitoneal meloxicam
before surgery. They were anesthetized in a chamber with 3% isoflurane before being placed in a
stereotaxic frame and kept anesthetized with 1.5-2% isoflurane. Skull was exposed and leveled
before drilling at the appropriate coordinates. 200nL pAAV-hSyn-GRAB_DA1h (Addgene) was
injected unilaterally into NAc (AP: +1.0 mm relative to Bregma, ML: ±1.2 mm relative to Bregma,
DV: 4.6 mm from the brain surface) using a backfilled glass needle and syringe pump (PHD Ultra,
Harvard Apparatus). Skin was either sutured for one week recovery before implanting optic fiber
(Doric, MFC_200/230-0.57_6mm_MF1.25_FLT) 200µm above injection site, or optic fiber was
inserted immediately following injection. Three skull screws were inserted in the skull to stabilize
the implant. A small amount of Metabond cement (Parkell) was used to bond the fiber, skull, and
skull screws. Dental cement was applied on top of dried Metabond to create a stable implant
structure. Mice were given 1 week to recover from implant surgery and 2 weeks to recover from
injection and implant combined surgeries before behavioral testing. Meloxicam was administered
24 hours after surgery during post-operative monitoring. To confirm that the surgery successfully
targeted NAc with both GRABDA and cannula, mice were either sacrificed and brain was examined
for injection and cannula placement, or mice were injected with nicotine. If a mouse lacked either
cannula placement or GRABDA injection in NAc, or lacked a dopamine response to nicotine
injection, its data was excluded.
Fiber Photometry
Zirconia sleeves (Doric) were used to connect the optic fiber implant to the patch cord.
Signals were recorded using a real-time processor (RZ10X, TDT) and extracted in real time using
Synapse software (TDT). A 465nm LED was used to excite the GRABDA1h while a 405nm LED was
used to measure changes in fluorescence due to photobleaching and movement artifacts.

40

For fiber photometry during transdermal optogenetic activation experiments, mice were
placed on the mesh platform in plastic chambers with a 7mm slot cut into the ceiling to allow the
cord to connect from the head to the computer. After 30 second baseline recording, 10Hz pulsed
sin wave at 35mW blue light was shined either through the top of the chamber to the shaved back,
or through the mesh platform to the skin surrounding the vaginal area at a 2-3cm distance for 30
seconds.
For fiber photometry during sexual behavior, females were placed in male home cage 1
hour into the dark cycle for 10 minutes or 10 mounts, whichever occurred first. If the male did not
mount in the first 5 minutes, the female was placed in another male cage, for up to three total males.
Experimenter used the User Input function in Synapse software to denote mount onset, anogenital
sniff, or back contact.
TDT folders were imported directly into Fiber photometry Modular Analysis Tool (pMAT)
software for analysis[214]. Z-score traces were calculated in pMAT by normalizing to the median
of 5s baseline sampling window (-5 to 0s for optogenetic assay; -10 to -5s for mating assay), bin
constant: 150s for optogenetic assay; 300s for mating assay. Z-score values were exported and
plotted as XY traces in GraphPad prism. AUC and Peak Value data were calculated in pMAT and
exported and plotted in GraphPad prism. Two-way repeated measures ANOVAs were conducted
for binned deltaF/F, AUC, and Peak Value data in Prism.
Traces of data were excluded if experimenter noted that the patch cord came loose,
causing an obvious non-biological drop in signal. Three animals were excluded entirely because of
either poor injection or cannula placement.
Electrophysiology
Recordings were made from Mrgprb4Cre;RosaChR2/+ or Mrgprb4Cre;RosaChR2/ChR2 mice
(female; age 3.9 ± 0.6 wks). Mice were anaesthetized with ketamine (100 mg/kg i.p), decapitated,
and spinal cord (T10-L2) rapidly removed in ice-cold sucrose substituted artificial cerebrospinal
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fluid (sACSF) containing (in mM): 250 sucrose, 25 NaHCO3, 10 glucose, 2.5 KCl, 1 NaH2PO4, 6
MgCl2, and 1 CaCl2. Sagittal slices (200µm thick) were prepared using a vibrating microtome (Leica
VT1200S). Slices were incubated for at least 1hr at 22-24°C in an interface chamber holding
oxygenated ACSF containing (in mM): 118 NaCl, 25 NaHCO3, 10 glucose, 2.5 KCl, 1 NaH2PO4, 1
MgCl2, and 2.5 CaCl2.
Following incubation, slices were transferred to a recording chamber and continually
superfused with ACSF bubbled with Carbogen (95% O2 and 5% CO2) to achieve a pH of 7.3-7.4.
All recordings were made at room temperature (22-24°C) and neurons visualized using a Zeiss
Axiocam 506 color camera. Recordings were acquired in voltage-clamp (holding potential -70mV)
or current-clamp (-60mV). Patch pipettes (3-7 MΩ) were filled with a potassium gluconate-based
internal solution containing (in mM): 135 C6H11KO7, 8 NaCl, 10 HEPES, 2 Mg2ATP, 0.3 Na3GTP,
and 0.1 EGTA, pH 7.3 (with KOH). No liquid junction potential correction was made, although this
value was calculated at 14.7 mV (22 °C). All data were amplified using a MultiClamp 700B amplifier,
digitized online (sampled at 20 kHz, filtered at 5 kHz) using an Axon Digidata 1550B, and acquired
using Clampex software. After obtaining the whole-cell recording configuration, series resistance,
input resistance, and membrane capacitance were calculated (averaged response to -5mV step,
20 trials, holding potential -70mV). Photostimulation intensity was suprathreshold (24 mW),
duration 1 ms (controlled by transistor-transistor logic pulses).
Statistical Analysis
For all behavioral assessments, statistical tests, p-values, and N are as described in figure
legends. All statistical tests were run in GraphPad Prism. For photometry, z-score, area under
curve, and peak value were calculated in pMAT software, exported into prism to generate plots and
run ANOVAs to compare groups. Z-score values plotted in traces are normalized to the mean of
baseline. Posthoc pairwise comparisons for ANOVAs are only shown if there was a significant main
effect or interaction. *p<0.05; **p<0.01; ***p<0.001, ****p<0.0001.
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CHAPTER 2
SEXUAL DIMORPHISMS IN NOCIFENSIVE RESPONSES TO ACTIVATION OF MRGPRD+
NEURONS
Chapter 2: Introduction
Females disproportionately suffer from chronic pain compared to males[127,128,132,215],
yet there has been conflicting evidence regarding sexual dimorphisms in the perception of acute
pain, particularly in rodent experimental studies[142]. Further, the rodent literature’s bias towards
using males has skewed our understanding of pain mechanisms [131]. Understanding both the
distinct and common mechanisms of pain signaling in males and females is critical for the
development of effective therapeutics for differing physiologies.
Much attention has focused on sex differences in descending modulation of pain, which
appears less robust in females than males. Recent evidence suggests distinct mechanisms for the
immune cells implicated in spinal cord modulation of hypersensitivity. In females, T-cells are
required in modulating hypersensitivity, while microglia do this in males [134]. With regard to sex
differences in circuitry, one established mechanism of descending modulation implicates the
periaqueductal gray (PAG) in sending excitatory projections to rostral ventral medulla (RVM) which
promotes inhibition of spinal cord neurons[136] [139]. Interestingly, female mice possess a greater
number of these projections from PAG to RVM, however, fewer are recruited during persistent
inflammatory pain, and fewer are functionally activated by morphine, in females than
males[135,216].
While extensive research has highlighted these and other putative central mechanisms of
sexual dimorphisms in pain [129] [133] [217] [218] [138], less attention has been given to sex
differences that may exist at the level of the DRG [219]. For example, perhaps particular subsets
of DRG neurons are, in females, more susceptible to hypersensitivity in chronic pain. Or perhaps
there are genetic, physiological, or behavioral sex differences in particular subsets of DRG neurons
under baseline conditions. Here, I investigate the role of a molecularly defined population of DRG
neurons marked by expression of Mrgprd, which has been implicated in inflammatory
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hypersensitivity in males and females [153]][220]. Further, it has been demonstrated that synthetic
estrogens can bind Mrgprd itself[221]. It may therefore be possible that this population of afferents
can be modulated by differing hormonal states across sexes.
In this set of experiments, I observed that female mice had a more robust nocifensive
response to the optogenetic activation of Mrgprd+ neurons in the hind paw compared to males. I
reasoned that this could be a paradigm in which to investigate mechanisms underlying sexual
dimorphisms in sustained acute pain.
Chapter 2: Experimental Results
I aimed to investigate whether sustained activation of Mrgprd+ neurons exhibited sexual
dimorphic behavioral responses. Compared to males who receive the same intensity and duration
of stimulation, females show greater nociceptive responses to sustained activation of Mrgprd+
fibers Fig 1) . Using a transdermal optogenetic approach should bypass the cell’s normal molecular
and physiological machinery to induce an action potential. However, one could imagine that robust
differences in the expression of certain ion channels could alter the cell’s physiological response to
the opening of ChR2. To evaluate whether sex differences exist at the molecular, and thus
physiological, level, I used RNA Scope in situ hybridizations to quantify expression of receptors
and channels known to be expressed in Mrgprd+ neurons. No significant differences were found in
mRNA levels of Mrgprd, P2X3, or Trpa1 when comparing male and female DRGs (Fig 2 A-C; E-F).
Additionally, the fluorescence intensity of ChR2-eYFP was similar per soma in males compared to
females, suggesting the behavioral phenotype is not a result of differences in ChR2 expression
(Fig 2D,H).

44

Figure 1: Females display more frequent nociceptive responses to sustained optogenetic
activation of Mrgprd+ neurons in the hindpaw. Cre+ and Cre- females and males received 25
seconds of optogenetic stimulation at varying pulse frequencies. The cumulative number of
painlike shaking bouts (A) and nonpainlike reflexive withdrawals (B) for each experimental group
are displayed. (A) Three way ANOVA revealed a significant main effect for frequency (p=0.0042)
and genotype (p<0.0001) but not sex. (B) Three-way ANOVA revealed a significant main effect for
genotype (p=0.004), trend for sex (p=0.086), but not frequency. In C and D, data are averaged
across frequencies. (C) Two-way ANOVA revealed a significant main effect for genotype
(p<0.0001) but not sex (p=0.255). (D) Two-way ANOVA revealed a significant main effect for
genotype (p=0.0042) and trend for sex (p=0.0861). N=3-6 per group.
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Figure 2: No sex differences in expression of receptors in Mrgprd+ neurons. RNA Scope in situ
hybridization was used to measure and quantify the expression of receptors known to be in Mrgprd+
neurons. In A-D, each data point represents the total number of signal dots observed in a given soma.
In E-H, each data point represents the average number of signal dots per soma for a given animal.
Independent samples t-tests revealed no significant differences in expression of any of the receptors,
N=2-3 mice per sex.

As the Mrgprd receptor binds synthetic estrogens, I wondered whether the presence of
estrogens in females may somehow be sensitizing the Mrgprd+ neurons and thereby yielding a
more robust behavioral response to light stimulation. I had piloted this experiment in Mrgprb4Cre;
RosaChR2/ChR2 males and females, in which almost one-third of the Mrgprd+ neurons express ChR2
because of the shared lineage with Mrgprb4. Interestingly, ovariectomized females exhibited more
male-like behavior in response to light stimulation of Mrgprb4-lineage neurons in the leg. However,
supplementing estradiol and progesterone did not rescue this behavior.
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p=0.07

Figure 3: Sex hormones may play a role in
behavioral response to sustained
optogenetic activation of Mrgprb4-lineage
neurons in the hind leg skin. (B)
Ovariectomizing females appears to diminish
the initial sexual dimorphisms in nocifensive
withdrawals, but replacement of estradiol and
progesterone does not rescue the effect.
Because Mrgprd+ cells make up about one
third of Mrgprb4-lineage neurons, this data
could be informative for interpretation of
results in Figures 1 & 2. P=0.07, one-way
ANOVA. Blue laser is 35mW power pulsed at
10Hz frequency.

Chapter 2: Discussion
While the data are still preliminary with an N=3-6, this project has great potential for
someone interested in sexually dimorphic responses to pain. It remains an open question whether
the sexual dimorphism is a result of differences in sex hormones; whether the mechanism lies
primarily in the periphery, such as molecular or physiological differences in the Mrgprd+ neurons;
or whether the dimorphism is primarily a result of central circuit differences between males and
females, and Mrgprd+ neurons represent one access point to study that circuit. If that’s so, why
don’t we see general sexual dimorphisms in acute pain?
To further investigate sexual dimorphisms in Mrgprd+ neurons at the molecular level, future
experiments would entail performing a more robust comparison of transcript levels in males vs.
females via RNA sequencing to supplement my RNA Scope image data. It would be beneficial to
perform an analysis on existing libraries of RNA seq or scRNAseq data to see whether sex
differences exist in Mrgprd+ or other populations of DRG neurons at the molecular level. To further
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investigate the role of circulating sex hormones, it will be critical to determine how the pain
phenotype differs in OVX, GNX, OVX+E, and GNX+T MrgprdCreERT2; RosaChR2/ChR2 mice. If either of
these experiments highlights the role of a particular sex hormone or gene expression, further
experiments will illuminate the mechanism by which the gene or the hormone has its effect.
Together, the data in this chapter have laid the groundwork for a thorough examination of sex
differences in sustained acute pain.
Chapter 2: Methods
MrgprdCREERT2; RosaChR2/ChR2 mice were generated by crossing MrgprdCREERT2

to

RosaChR2/ChR2 for two generations. Tamoxifen was injected at P10 daily for three days to induce
expression of CreERT2. Adult males and females were habituated and tested separately, such that
no mice of the opposite sex were present during testing or habituation. Mice were habituated to
chambers on raised mesh platform for one hour a day for three days. The experiment, in which
multiple frequencies were tested at the same power, began the day following the third habituation
day, and continued for a total of four days. RNA Scope tissue preparation was as described in
chapter 1. Data were quantified using the protocol described in ACD’s technical note, “Guidelines
on how to quantify RNA Scope Fluorescent Assay Results.” This analysis was performed in ImageJ
by a scorer blinded to sex.
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CHAPTER 3
INFLAMMATION-INDUCED HYPERSENSITIVITY DURING TRANSDERMAL OPTOGENETIC
ACTIVATION OF MRGPRB4-LINEAGE NEURONS
Chapter 3: Introduction
Hypersensitivity to innocuous or mildly painful stimuli is a common symptom of chronic
pain. While theories for central mechanisms underlying this hypersensitivity have been established,
such as the gate control theory, the molecular classes of DRG neurons that feed into these
disinhibited pathways are unknown. Identifying which subsets of DRGs are implicated in allodynia
or other forms of nociceptive hypersensitivity will not only facilitate the development of effective
mouse models for further mechanistic studies, but may also help in identifying therapeutic targets
in the periphery. With the aim of identifying such neurons, I wondered if I could apply transdermal
optogenetics to model inflammation-induced hypersensitivity: activating DRG neurons in a celltype-specific manner in an established model of inflammatory pain and evaluating evoked
behaviors. This approach was recently used to demonstrate that Vglut1+ Aβ-LTMRs are likely not
mediating allodynia in a mouse model of neuropathic pain [150]. Aβ-LTMRs are typically thought
of as mediating allodynia because they detect gentle mechanical input under healthy conditions,
and the gate-control theory provides a mechanism by which inflammation may disinhibit their input
onto pain pathways. Whether and by what mechanism C-LTMRs contribute to tactile allodynia
remains an open question. TAFA4, uniquely expressed in a population of C-LTMRs in mouse,
appears to have a pain modulatory role under chronic pain conditions [93] [149]. While a role for
Mrgprb4-lineage C-LTMRs in mechanical allodynia has been speculated [89], it remains unstudied.
Chapter 3: Experimental Results
As discussed in chapter 1, optogenetic activation of Mrgprb4-lineage neurons in the back
skin is preferable and yields a dorsiflexion posture that we have linked to natural social-touch
induced dorsiflexion. While piloting these experiments, I observed a mouse with a small lesion on
its back, likely from a cut during shaving. Noting this as a major confound, I decided to omit this
mouse from the dataset I was collecting. However, I saw it as an opportunity to investigate how the
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gentle touch-induced behavior might differ in the context of skin inflammation. Upon blue light
stimulation to the lesion, instead of lowering its back, the mouse turned to attend to the lesion with
forepaws and licking (Fig. 1). I hypothesized that, in the context of inflammation, the function of
Mrgprb4-lineage neurons may differ to convey pain rather than innocuous touch.

Figure 1: With lesion in back skin, optogenetic stimulus in
Mrgprb4Cre; RosaChR2/ChR2 mice yields nocifensive-like response
rather than dorsiflexion. Single observation that inspired the experiments
in chapter 3. Adult female mouse had small inflamed lesion on back skin.
Rather than dorsiflexion, the mouse turned to pat and lick the wound in
response to blue light stimulation to the affected area. This behavior was
not observed upon green light stimulation.

To formally investigate whether the Mrgprb4-lineage neurons were being recruited to
signal pain in the context of inflammation, I decided to see if I could repeat my result in an
established model of hypersensitivity. I examined the role of Mrgprb4-lineage neurons in a CFA
model of chronic inflammatory pain. By injecting CFA and applying the optogenetic stimulus to the
leg, I could easily quantify withdrawal behaviors, which are well-characterized nocifensive
responses. I observed that transdermal optogenetic activation of Mrgprb4+ neurons in the hindleg
induces nocifensive behavior after CFA-injection (Fig. 2), but not at baseline conditions. This robust
behavioral change from the place preference at basal conditions suggests that the function of
Mrgprb4-lineage neurons may be altered in inflammation.
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Because Cre and ChR2 are constitutively expressed, I wanted to investigate the likelihood
that I was activating the same or different peripheral neurons pre and post CFA injection. I used
fluorescent activated cell sorting (FACS) to sort DRG neurons from CFA vs uninjected mice to
approximate the number of eYFP+ cells in each group. I found a threefold increase in eYFP+ cells
in the DRGs from CFA-injected mice (Fig. 3). This increase may be driven by a broadening
expression pattern of Mrgprs in the context of inflammation, which has been reported
(unpublished). While the expansion of Mrgpr expression could be a potential mechanism of
inflammation-induced hypersensitivity, with our optogenetic approach, we could not rule out the
possibility that we were simply inducing action potentials in nociceptive neurons after CFA-induced
expansion of ChR2 expression.
It would be interesting to determine whether the expansion of ChR2 expression is also a
characteristic of other models of chronic pain, such as neuropathic pain models, especially given
the appeal of using transdermal optogenetics for purported cell-type specific manipulations in
chronic pain contexts[150].

Figure 2: Transdermal optogenetic activation of Mrgprb4-lineage neurons induces
nocifensive behaviors after CFA injection. (A) Average number of withdrawals and (B) percent of
animals that exhibit hindlimb shaking/flinching in 10s of blue light stimulation to the upper hindleg.
Each point is the average response of each mouse across 6-9 trials consisting of 10, 20, or 35mW
stimulation at 24, 48, or 72h post-injection. Differences before and after CFA injection analyzed with
two-way mixed model ANOVA. (control p=0.9878; B4-ChR2 p=0.0139)
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Figure 3: CFA injection causes a threefold
increase the number of eYFP+ cells in the
DRG. FAC sorting results for eYFP+ cells from
DRGs from (A) uninjected and (B) CFA-injected
MrgprB4Cre; RosaChR2-eYFP(f)/(f) mice. (C) % eYFP+
cells; each symbol represents pooled DRGs from
1 of 3 experiments. Data includes N=4
uninjected, N=3 CFA injected mice. p=0.0997 by
independent samples t-test.

Chapter 3: Discussion
Whether Mrgprb4-lineage neurons contribute to tactile allodynia cannot be concluded from
these experiments. Because CFA alters ChR2 expression, it is a challenge to isolate the effects of
inflammation on pain from the effects of inflammation on ectopic gene expression. However, the
expansion of ChR2 expression most likely means that Mrgprb4 is being upregulated in neurons
that normally do not express Mrgprb4. It will be interesting to more rigorously evaluate, perhaps
with RNA sequencing in the DRG, whether Mrgprb4 is upregulated or expressed more broadly after
CFA injection, and whether that is unique to Mrgprb4. If expansion of Mrgprb4 expression is a
natural mechanism of inflammation-induced hypersensitivity, perhaps by bestowing a lower
mechanical threshold on neurons that feed into pain pathways, that would indeed be a novel
mechanism. While these are interesting future directions, my primary conclusion is that it is vital for
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all studies using CFA or other inflammatory models to not make an assumption of same transgenic
expression patterns pre and post injury/inflammation.
Chapter 3: Methods
Male Mrgprb4Cre; RosaChR2/ChR2 mice were generated by crossing Mrgprb4Cre to
RosaChR2/ChR2 for two generations. 6-12 week old male mice were habituated to chambers on raised
mesh platform for one hour a day for three days before testing. On the baseline testing day,
optogenetic stimulus (35mW pulsed at 10Hz sin wave) applied to shaved upper leg and high-speed
videos of the withdrawal response were recorded (750fps). Experimenter scored the videos blinded
to treatment group and genotype. 20µl CFA was subsequently intradermally injected into upper leg
and testing was repeated 48 hours later. DRGs of uninjected and 48h post-CFA injection mice were
harvested, dissociated, and brought to the FACS core facility at University of Pennsylvania for
FACS performance and analysis.
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CONCLUSION
Dorsiflexion as a stereotyped behavior to social touch
Here we find that selective activation of Mrgprb4-lineage neurons in the back skin of male
and female mice yields a dorsiflexion posture (Ch 1, Fig. 1; Supplemental Fig. 5C). Because the
same stimulus is preferable to females (Ch 1, Fig. 2), and the Mrgprb4-lineage neurons mediate
touch-dependent social behaviors involving dorsiflexion (Ch 1, Fig. 3&4), we conclude that the
optogenetically induced dorsiflexion represents a novel stereotyped behavioral response to social
touch. In the same way that optogenetic activation of Mrgpra3+ pruriceptors in the neck yields
scratching (Supplemental Fig. 3), and activation of Trpv1+ nociceptors in the paw yields flinching,
we have identified dorsiflexion as a behavioral representation of social touch. Whether other
social touch neurons facilitate a similar dorsiflexion is unknown, but having identified it, it is now
recognizable and can perhaps be used, complemented with other data, to confirm a behavioral
role of novel subsets of DRG neurons implicated in gentle social touch. The field of
somatosensory biology has historically focused on these sensations with concrete behaviors. We
hope that our finding causes a shift in the field to include social touch-induced dorsiflexion among
these somatosensory behaviors, opening new avenues for the mechanistic study of pleasant and
social touch.
Social dorsiflexion is not unique to rodents. In addition to facilitating copulation among
most mammalian quadrupeds, including cats and elephants, many mammals use dorsiflexion for
other forms of social communication. In domestic cats, for example, although most studies have
focused on tail position or other postures as forms of communication [222,223], cats often lower
their backs when stroked. Tang et al. connect this dorsiflexion among female rats to oxytocin
release, implicating the posture in social bonding [81]. Stroking itself has recently been shown to
increase contentment and even boost overall health of cats [224]. This mental and physical health
benefit of stroking in cats is consistent with the evidence in rodents and humans that social touch
is pleasant [89], causes oxytocin release [28,29], promotes stress resilience [42], and can boost
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overall health. [37] [40]Interestingly, it was in cats that C-LTMRs were first identified – and they
were proposed to mediate the sensation of tickling [225]. Taken together, it is quite probable that
a population of C-LTMRs in the cat mediates stroking-induced dorsiflexion and activates similar
pathways.
The connection between positive sensation and dorsiflexion is unclear. Is dorsiflexion to
stroking touch, observed in a cat or optogenetically activating touch neurons in the mouse, a
reflexive response to gentle pressure that is simultaneously interpreted as pleasant or rewarding?
Does the pleasantness of the sensation induce dorsiflexion as a sign of receptivity to contact? Or
is the dorsiflexion itself rewarding? Because we see a place preference in mice that are not
dorsiflexing, the pleasant sensation can occur independently of dorsiflexion. Additionally, because
adult males dorsiflex in response to optogenetic activation of Mrgprb4-lineage neurons in the
back skin (Supplemental Fig. 5c) but do not have a place preference to this same stimulus
(Supplemental Fig. 9e), the dorsiflexion can occur independently of the pleasant sensation.
Therefore it seems most probable, at least for the Mrgprb4-lineage C-LTMRs, that stroking touch
simultaneously activates two independent neuronal pathways (1) a local motor reflex, and (2) a
pathway that generates a rewarding sensation.
The first would be a putative local reflex arc that under certain natural scenarios is
subject to descending modulation by context, hormonal state, and olfactory cues. For example,
optogenetic activation of Mrgprb4-lineage neurons is sufficient to induce dorsiflexion when the
mice are enclosed in the plastic chambers, but not in their homecage or in the place preference
arena. This suggests that even specific activation of this putative reflex arc can be modulated by
external context. On the other hand, the same optogenetic stimulation is sufficient to induce
dorsiflexion independent of hormonal state, suggesting the motor reflex is gated by some
contexts but not others. The variable modulation is an interesting result especially as lordosis is
tightly regulated by hormonal state in rodents during sexual encounters, but social touch-induced
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dorsiflexion, such as the conspecific crawl, is not. Ultimately, inducing spinal or brainstem lesions
will help determine whether such a local reflex arc exists.
The second pathway would be the social reward or pleasantness pathway, which
ultimately includes dopamine release into NAc, but likely also engages oxytocin release given the
evidence of stroking, social touch, and C-LTMRs and oxytocin release in rodents and humans
(see introduction). The literature on social touch and dopamine is weaker than that of oxytocin.
Why does stroking feel good? Is oxytocin itself mediating that sensation, or is it oxytocin’s
connection to dopamine circuits? At what points in these pathways does the mouse integrate the
context of enclosure or olfactory cues?
It is interesting to note that, in juvenile males, chemogenetic activation of Mrgprb4lineage neurons yields a place preference [7], but activating these neurons optogenetically in the
backs of adult males is neutral. Further experimentation in males to look at dopamine release, as
well as optogenetic activation in juveniles, is certainly necessary. However, one explanation could
be that social contact to the back has different meaning in adult males compared to females.
Adult males develop strong hierarchical social structures and therefore social contact to the back
may be considered threatening depending on rank. These are speculations based on my findings
and the literature.
Sexual behavior as highly flexible, and the role of somatosensation in that flexibility
My findings suggest that rodent female sexual behavior is learned and highly flexible,
which is consistent with present understanding of sexual behavior across species [224,226]. The
prevalence of female sexual dysfunction and sexual desire disorder are a testament to the many
factors, external or internal, that disrupt healthy sexual behavior in humans. These factors include
but are not limited to cardiovascular disease; physical, mental, or sexual trauma; and anxiety,
depression, and psychiatric disorders. It is clear that sexual encounters in mice differ vastly in
context, motivation, and neural output compared to those of humans. However, understanding
the role of sensation in sexual receptivity – especially the connection between peripheral
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sensation and psychological factors – could be a starting point for improving existing therapeutic
approaches as well as identifying novel therapeutic targets.
My findings specifically highlight the critical role of C-LTMRs in positive reinforcement of
copulatory behavior in females. C-LTMRs facilitate erotic touch in humans, but interpretation of
the signal varies with internal level of sexual desire in females but not males [101]. It will therefore
be interesting to see, in future studies, whether the Mrgprb4-lineage neurons are required for
male sexual motivation as well. Elucidating the neuronal circuit from Mrgprb4-lineage neurons to
nucleus accumbens, and how it differs depending on social context (sexual/non sexual touch) or
body location will lay a critical foundation for the peripheral and central encoding mammalian
social and sexual touch. While one putative circuit is depicted in Figure 2 in the introduction, there
are many potential pathways this signal could take. Interestingly, many psychotherapeutic
approaches for sexual dysfunction are centered around somatosensory manipulation (e.g.
various physical therapies) with simultaneous psychological training [103,104]. Understanding
this neuronal circuit could help facilitate its reparations when disrupted. The Mrgprb4-lineage
neurons in mice represent just one way that gentle touch in the external skin can signal reward in
the brain, and the disruption of those fibers in the periphery impairs sexual behavior.
Transdermal optogenetic activation of DRG neurons as an approach to studying
somatosensory behaviors
In applying transdermal optogenetic manipulation to investigate acute pain, chronic pain,
and rewarding touch, my dissertation work demonstrates the advantages and disadvantages of
this approach to studying a myriad of somatosensory behaviors.
An optical stimulus is an ideal way to activate molecular subsets of neurons that are
otherwise activated by a myriad of mechanical stimuli. Because the skin is innervated by millions
of sensory neurons that overlap, intertwine, respond to multiple forms of mechanical input, and
there are mechanical inputs that activate many subtypes, it is technically challenging to
selectively manipulate these subtypes. To understand the peripheral encoding of pain, touch, and
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itch, genetic manipulations of molecular subtypes of neurons is necessary. Advances in mouse
genetics have facilitated the use of transdermal optogenetics to selectively activate a single
molecular population, bypassing the need for a mechanical stimulus to study the downstream
circuits and behaviors associated with a distinct population of sensory neurons. This entails
expressing a light-sensitive opsin under control of the molecular driver of interest and shining
pulsed blue light through the shaved skin to induce action potentials in the sensory neurons of
interest. By observing any resultant acute behaviors, this provides a way to predict the
mechanical stimulus to which sensory neurons may be responsive. For example, light-evoked
scratching behaviors suggests the experimenter has targeted pruriceptors, whereas light-evoked
shaking or licking of the hindlimb points towards nociceptors.
Transdermal optogenetics is equally advantageous for identifying how the behavioral
function of a known population of DRG neurons differs across the body, as well as in different
contexts such as injury, inflammation, or hormonal states. This approach provides the
experimenter with control over body location, in contrast to chemogenetic approaches which
activate the neurons systemically. As most natural sensory inputs to the skin are localized to a
distinct region or set of regions of skin, transdermal optogenetics may be more ethologically
relevant than chemogenetics. A final obvious advantage is the ease of the approach. As no
surgery is required, compared with intracranial optogenetics, there are no added confounds of
anesthesia, cutting and healing of the skin, or residual inflammation.
As chapter 3 reveals, however, there are notabe disadvantages, particularly in the
contexts of injury and inflammation. A constitutively active Cre is not always a reliable marker in
the context of inflammation. Thus, for Mrgpr(x) populations, which have been shown to expand
expression into additional cell types with inflammation, a transdermal optogenetic approach with a
constitutively active Cre is not effective at cell-type specific manipulation. Changes in Cre driver
expression is a general disadvantage to any constitutively active Cre in any inflammatory model.
However, I think it is particularly poignant for transdermal optogenetics, as it is theoretically an
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ideal approach for cell-type specific studies of tactile allodynia [227] or other inflammationinduced hypersensitivities. While it is still a powerful tool to investigate these questions, the
experimentalists must be sure to quantify expression of ChR2 in healthy and inflammatory
contexts before drawing conclusions.
An additional disadvantage is for those particularly interested in the transduction of
mechanical stimulus into electrical stimulus. Transdermal optogenetics bypasses the interesting
mechanisms by which a molecularly defined subset of sensory neurons may or may not respond
differently to differing mechanical stimuli. This may be especially concerning for polymodal
somatosensory neurons that exhibit differing electrical signals, and activate different circuits,
depending on the nature of the mechanical stimulus.
Social touch from the skin to the brain
The past 5-10 years of social touch research demonstrate great progress towards tracing
the positive “affect” of social touch from the skin to the brain. Newly defined circuits, primarily
implicating oxytocin and dopamine release, may underly the rewarding, anxiolytic, and analgesic
effects of social behaviors in mice. Cell-type specific manipulation of sensory neurons innervating
the skin of mice has revealed multiple classes of neurons that anatomically, physiologically, and
now behaviorally resemble human CT afferents. A handful of studies suggest there is potential to
engage these positive “affects” by mechanical (stroking to optimally activate CTs) or
opto/chemogenetic activation of DRG neurons in otherwise socially isolated mice, lending new
psychotherapeutic weight to the peripheral nervous system.
As I discovered here in my doctoral work, transdermal optogenetic activation of Mrgprb4lineage C-LTMRs, in a socially isolated mouse, is sufficient to engage reward circuitry. This
finding suggests that “gentle touch”-detecting DRG neurons do not require social context to feed
information down a social reward circuit, a surprising finding considering how gentle stimuli in the
context of fear can yield different behavior. Is positive interpretation a default that can be
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overridden by fear? Consider a weighted blanket. This pressure stimulus, in neutral context, is
anxiolytic for many [38,39]. Yet in a fearful context, such as being smuggled when trying to
escape, such pressure is aversive. At what point in the circuit are such contexts integrated? Do
other C-LTMR populations, like the TAFA4+ neurons, play different behavioral roles, or send
information to the brain via a different circuit?
While many questions remain, these findings already hold great clinical implications –
can we reproduce the anxiolytic, analgesic, and/or pleasant impacts of social touch with a simple
peripherally targeted therapeutic? While this may seem far-fetched, the anxiolytic effect of
weighted blankets is quite similar in this regard. The psychological impact is remarkably similar to
that of social pressure or weight – a hug. Yet, it is the simple stimulation of peripheral sensory
neurons that replicates the physiological benefits of a hug. Our findings with transdermal
optogenetics combined with the known effectiveness of weighted blankets make it quite feasible
to imagine mechanically (e.g. physical or cognitive behavioral therapies) or pharmacologically
(e.g., application of a cream) activating peripheral neurons implicated in stroking touch to reap
just a few of the benefits of human contact. As a notable benefit, these kinds of peripherally
targeted therapeutics bypass many side effects or barriers in attempting to deliver therapeutics to
the central nervous system.
These foundational discoveries, coupled with emerging techniques, are timely as we
begin to see the psychological impact of social isolation during a global pandemic. Understanding
how the neurons in our skin relay these positive effects to the brain brings us closer to tapping
into the DRG system’s therapeutic potential for anxiety disorders or even to reverse the damage
of social isolation.
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Supplemental Figure 1. Characterizing expression of ChR2-eYFP in Mrgprb4-lineage neurons. A)
Schematic showing breeding strategy to express ChR2-eYFP in Mrgprb4-lineage neurons. B-F) Double
RNA in situ hybridization with RNAscope probes that detect eYFP (cyan) or another marker gene (red).
Quantification and description of results in Figure 1d,e. Scale bar represents 100 µm.
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Supplemental Figure 2. Characterizing physiological properties of dorsal horn spinal
cord neurons that receive synaptic input from Mrgprb4-lineage neurons. A)
Schematic of the spinal cord slice preparation to activate Mrgprb4+ terminals with blue light
in the superficial dorsal horn and record from synaptically connected neurons. B) Left
shows grouped data of mono and polysynaptic EPSC amplitudes. Right shows incidence
of a monosynaptic only, polysynaptic only, or mono + polysynaptic input. C) Optically
evoked action potential (AP). 15/39 neurons tested fired AP’s following 1ms
photostimulation. D) Latency of oEPSCs (mono and polysynaptic) in these neurons,
compared to the latency of the first evoked AP. Of these 15 neurons, 7 display
characteristics of AP’s evoked by direct Mrgprb4 afferent input, 8 display characteristics of
AP’s evoked by indirect (polysynaptic) Mrgprb4 inputs. E,F) In a subset of recordings AP
discharge was characterized in post-synaptic neurons (n = 36). 2/14 Tonic firing (TF)
neurons received mono input only, 4/14 poly only, and 8/14 both. 0/15 Delayed firing (DF)
neurons received mono input only, 12/15 received poly only, and 3/15 both. 1/4 Initial
bursting (IB) neurons received mono input only, 1/4 received poly only, and 2/4 both. 0/3
Single spikers (SS) received mono input only, 1/3 received poly only, and 2/3 both. G) TF
neurons receive the strongest monosynaptic inputs, followed by IB’s. H) Polysynaptic
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currents are similar across all types. I) AP incidence is highest in TF neurons.

Supplemental Figure 3. Transdermal optogenetic activation of Mrgpra3+ neurons
elicits stereotyped scratching behaviors. A) Schematic showing experimental setup
with blue light applied to the shaved back skin, which elicits nearly immediate scratching
bouts, and not the back lowering dorsiflexion phenotype observed when the same
experiments are performed with Mrgprb4-lineage neurons. B) Quantification of
scratching bouts to 5 minutes of blue or green laser light (negative control). Unpaired
student’s t-test, **** P ≤ 0.0001. Individual circles represent a single mouse.
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Supplemental Figure 4. Body-wide chemogenetic activation of Mrgprb4-lineage neurons
does not alter social behaviors. A) Schematic showing chemogenetic strategy to activate
Mrgprb4-lineage neurons with DREADD-mediated activation while assessing social behaviors.
B-D) Confirmation of targeting strategy to insert the DREADD receptor hM3Dq-mCitrine into
Mrgprb4-lineage neurons. Data visualized with RNAscope in situ hybridization. Scale bar
represents 75 µm. E-J) No statistical difference in any assay measuring social (E-G) or other
(H-J) behaviors. Independent backdips were occasionally observed but with no statistical
relevance to treatment group (K,L). Females occasionally mounted their female cagemates but
with no statistical relevance to treatment group (M). All data plotted as mean +/- SEM, with
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one-way ANOVA followed by Tukey’s post-hoc comparisons.

Supplemental Figure 5. Lordosis-like dorsiflexion posture observed in Mrgprb4Cre;
RosaChR2/ChR2 female mice is not modulated by sex hormones. A) No differences in the
depth of the optogenetically induced back dip across stages of the estrous cycle. Circles
represent individual mice, data plotted as mean +/- SEM. B) Neither ovariectomizing (OVX)
females, nor replacing estrogen and progesterone exogenously to mimic behavioral estrus,
significantly modulates the optogenetically induced back dip. C) Optogenetic activation of
Mrgprb4-lineage neurons in male mice and D) sexually immature pups (P21) induces a similar
dorsiflexion posture. Dots represent individual mice. All data analyzed by one way ANOVA
followed by Tukey’s post-hoc comparisons.
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Supplemental Figure 6. Nerve terminal endings of Mrgprb4+ neurons in skin of the anogenital
regions with immunostaining of tdTomato. A,B) Nerve terminal endings in red are seen in the
underbelly skin as well as the hairy skin surrounding the female genitalia. C) Nerve terminals for
Mrgprb4+ touch neurons are not seen in the vaginal wall, which is glabrous, non-hairy skin.
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Supplemental Figure 7: Diminished dopamine response with subsequent stimulation of
Mrgprb4-lineage neurons. In this paradigm, mice received two 30s bouts of stimulation in a
30s off; 30s on; 30s off; 30s on manner. Stimulus applied to back skin (A-F) or anogenital skin
(G-L). Blue light stimulation represented with blue traces (A-C; G-I) and non-stimulating green
light stimulation represented with green traces (D-F; J-L). Because the second blue light
stimulation (B,H) appears to yield a diminished effect compared to the first (A,G), and to
combine with another cohort that received only 1 bout of stimulation, all data presented is only
from the first stimulation unless otherwise noted. N=7.
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Supplemental Figure 8. No changes in dopamine release in females observed in control
or Mrgprb4-neuron ablated mice to anogenital sniffs or back contacts. A,C) Average
deltaF/F traces (N=4-6) in the 20s surrounding (A) anogenital sniffs or (C) back contacts
received from the male during the sexual encounter. B,D) Average deltaF/F pre (-5-0s) and post
(0-10s) anogenital sniff (B) or back contact (D) are not statistically different between B4-DTA
and control female mice, one-way ANOVA.
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Supplemental Figure 9

Supplemental Figure 9: Male mice have similar numbers of Mrgprb4+ cells but exhibit no
place preference to optogenetic activation of Mrgprb4+ terminals in the back skin. (A-C)
RNAscope in situ hybridization showing Mrgprb4+ cells in male (A) vs female (B) thoracic DRG
sections. (C) No significant sex differences in the average number of Mrgprb4+ cells per DRG
section by independent samples t-test. (D) Adult male mice underwent the same CPP paradigm as
adult females (data in Ch1 Fig. 1). (E) Males exhibit neither preference nor aversion to optogenetic
activation of Mrgprb4+ terminals in the back skin.
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APPENDIX A
Published Work:
Parts of the introduction appear as published in: L.J. Elias and I. Abdus-Saboor. Bridging skin,
brain, and behavior to understand pleasurable social touch. Current Opinion in Neurobiology.
2022 (in press).
Parts of Chapter 1 appear as published in: L.J. Elias, M.D. Schaffler, I.A. Succi, W.B. Foster, M.
Gradwell, M. Bohic, L. Ejoh, V. Abraira, I. Abdus-Saboor. Identification of touch neurons
underlying pleasurable touch and sexual receptivity. bioRxiv.(Under review at Cell). 2021.
Experimental Contributions beyond L.J.M. Elias:
Melanie Schaffler: Figure 2B,C; Figure 3C,D; Figure 4H; and Supp Fig. 9E
William Foster: Assisted in scoring data for Figure 3I and running experiments in Fig. 3.
Isabella Succi: Supp Fig. 5C; assisted in scoring data for Figure 3I and 4E,F; assisted in running
experiments in Fig. 6 and Supp Fig. 5A,B
Lindsay Ejoh: Figure 2D,E
Jared Boyce: Supp Fig. 9A-C
Mark Gradwell: Figure 1F-L; Supp Fig. 2.
Saumitra Pitake: Supp Fig. 3
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